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To better utilize solar energy for clean energy production, efforts are needed to overcome the 
natural diurnal variation and the diffuse nature of sunlight. Photoelectrochemical (PEC) 
hydrogen generation by water splitting is a promising approach to harvest solar energy. 
Hydrogen gas is a clean and high energy capacity fuel. However, the solar-to-hydrogen 
conversion efficiency is determined mainly by the properties of the materials employed as 
photoanodes. Improving the power-conversion efficiency of PEC water splitting requires the 
design of inexpensive and efficient photoanodes that have strong visible light absorption, fast 
charge separation, and lower charge recombination rate.  
In the present study, PEC characteristics of various semiconducting photoelectrodes such as 
TiO2, WO3 and CuWO4 were investigated. Due to the inherent wide gap, such metal oxides 
absorb only ultraviolet radiation. Since ultraviolet radiation only composes of 4% of the sun's 
spectrum, the wide band gap results in lower charge collection and efficiency. Thusto improve 
optical absorption and charge separation, it is necessary to modify the band gap with low band 
gap materials.The two approaches followed for modification of band gap are doping and 
sensitization. Here, TiO2 and WO3 based photoanodes were sensitized with ternary quatum 
dots, while doping was the primary method utilized to investigate the modification of the band 
gap of CuWO4. 
The first part of this dissertation reports the synthesis of ternary quantum dot - sensitized titania 
nanotube array photoelectrodes. Ternary quantum dots with varying band gaps and composition 
(MnCdSe, ZnCdSe and CdSSe) were tethered to the surface of TiO2 nanotubes using 
succcessive ionic layer adsorption and reaction (SILAR) technique. The stoichiometry of ternary 
quantum dots was estimated to beMn0.095Cd0.95Se, Zn0.16Cd0.84Se and CdS0.54Se0.46. The effect 
of varying number of sensitization cycles and annealing temperature on optical and 
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photoelectrochemical properties of prepared photoanodes were studied. The absorption 
properties and surface morphology of the sensitized tubes was analyzed using UV-visible 
spectroscopy and scanning electron microscopy. The phase composition was determined using 
X-Ray diffraction and X-ray photoelectron spectroscopy techniques. Electrodes were also 
evaluated for their stability using inductively coupled plasma optical emission spectrometry. 
Results show that the sensitization of TiO2 nanotubes with MnCdSe (8.79 mA/cm2), ZnCdSe 
(12.70 mA/cm2) and CdSSe (15.58 mA/cm2) resulted in up to a 30 fold increase in photocurrent 
compared to unsensitized nanotubes (0.4 mA/cm2). 
In the second part, the application of WO3 as photoanode for water splitting was explored. The 
porous thin films of WO3 films were sensitized with ternary quantum dots (ZnCdSe) using the 
SILAR technique. The structural, surface morphological and optical properties of the sensitized 
WO3 thin films were studied. PEC characteristics of the sensitized films were found to be 120 
fold increase (8.53 mA/cm2) in comparisonto that of unmodified WO3 films (0.07 mA/cm2). 
In the last part of this dissertation, CuWO4 was investigated as the potential photoanode 
material. The band gap of CuWO4 was estimated using density functional theory (DFT) 
calculations. The band structure was obtained using the first-principles plane wave self-
consistent field (pwscf) method and the effect of nickel dopant on the band gap and optical 
properties of CuWO4 was evaluated. Theoretical calculations showed that doping led to a 
decrease in band gap. The validity of the theoretical approach was evaluated by experimentally 
synthesizing Ni-doped CuWO4 electrodes. Experimental results showed that the bandgap 
indeed decreases when CuWO4 was doped with Ni, and thus validated the DFT approach.  
Ternary quantum dots were found to increase the PEC activity of TiO2 and WO3 based 
photoelectrodes by 120 fold. In addition, a method of computing band gap of semiconductor 
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Chapter 1  
Introduction 
 
The rapid depletion of fossil fuels and their adverse effects on the environment has 
motivated the research on sustainable energy resources [1]. Total world energy 
consumption is estimated to be 450 EJ, annually [2]. Considering the projected increase 
in population at a rate of 0.9% per year, the worldwide energy demand is expected to 
double by the year 2050 and triple by the year 2100 [3]. Currently, almost 90% of global 
energy requirement is met by carbon-based fuels that result in an increase of 
greenhouse gases.Various studies over the years conclude that global warming due to 
greenhouse gases has led to an increase in average surface temperatures of 0.5°C over 
the last 30 years [4-10]. Future predictions indicate the surface temperature increase to 
somewhere between 1.4 °C and 5.8 °C by the year 2100, if appropriate actions are not 
taken [11]. Environmental issues due to carbon-based fuels are not only limited to global 
warming, but also extend to issues such as ozone depletion, air pollution, acid 
precipitation, and emission of radioactive substances. Most importantly, these are not 
inherent problems in the ecosystem, but problems that the humans have 
created.Carbon-based fuel sources, while decreasing in supply, are also causing 
extreme and irrevocable changes to the ecosystem [12].  
 
Developing potential solutions to mitigate the deleterious impact of energy production on 
the environment requires long-term actions. The first strategy is to reduce dependence 
on fossil fuel resources, which can be achieved by reducing energy demand not only in 
industrial processes, but also in domestic sectors [13]. Another strategy should 
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encourage the use of renewable energy sources for both large-scale energy production 
as well as for smaller, stand-alone systems [14]. 
Energy generation resources can be categorized as: fossil fuels, nuclear resources and 
renewable energy resources [15]. Renewable energy resources (RES) include 
inexhaustible and replenishable sources of energy found in nature, such as; solar 
energy, geothermal energy, wind energy and biomass. The renewable resources are 
also termed as alternative sources of energy. RES or alternative sources of energy are 
the primary, domestic, and clean resources with the potential to provide energy with little 
to no emission of greenhouse gases or other air pollutants. However, RES currently 
supply only 2% of the total energy demand [16] and are generally less competitive than 
conventional energy conversion systems. This is mainly due to the intermittency of RES, 
the relatively high maintenance costs associated with their production processes and 
high cost of energy storage to meet constant demand. Thus, harvesting this type of 
energy in a reliable, affordable, and environmentally sustainable manner is still a great 
challenge supporting the need for further research in this field. 
1.1 Solar radiation and harvesting techniques 
 
Among other RES, solar energy is the most abundant and one that is available at no 
cost. The Sun emits energy at a rate of 3.8 × 1023 kW, of which approximately 
1.08 × 1014 kW is intercepted by the earth's surface [2]. This total amount of intercepted 
solar radiation is approximately 3,400,000 EJ annually, over 7000 times the current 
consumption rate. These statistics suggest that solar energy should be utilized in 




The main approaches that have been commercially implemented to harness solar 
energy include: solar water heating, concentrated solar power (CSP) systems, 
photovoltaic (PV) systems. Photoelectrochemical water splitting is actively being studied 
to generate clean fuel hydrogen.  
 
Solar water heating involves the process of heating liquid by solar energy using an array 
of solar collectors. These systems are comprised of an energy transfer system and a 
thermal storage system. Solar thermal collectors act as the energy transfer system 
which captures and retains heat from the sun and uses it to heat water or any other 
liquid [17]. Concentrated solar power (also called CSP or concentrated solar thermal) 
systems focus the solar energy onto a small area using mirrors or lenses. The 
concentrated light is then used as a heat source to drive a heat engine (usually a steam 
turbine) to generate electricity [18]. The different concentrating systems, classified with 
respect to the type of lenses or mirrors employed are linear concentrator, dish/engine, 
and power tower systems [19]. Such systems result in different peak temperatures and 
thermodynamic efficiencies based on the orientation and focus of the corresponding 
mirrors [20]. Similar to CSP, the heat energy obtained from solar water heating can be 
converted to electric energy. These aforementioned techniques represent an indirect 
method of conversion of solar energy to electricity while Photovoltaic (PV) technology 
carries out this conversion directly. 
 
Photovoltaic devices involve the direct conversion of solar energy into electrical energy. 
The concept was first introduced in 1839 when Alexandre-Edmund Becquerel observed 
that “electrical currents arose from certain light induced chemical reactions [21].” After 
these original discoveries, similar effects were observed by other researchers; however, 
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it was not until the 1940s that the first PV device was commercialized. It was a device 
made of silicon and demonstrated an efficiency of 6%. After decades of research and 
structural modifications, laboratory PV cells have now reached 43.5% efficiency [22]. 
However, these solar-based devices are still very expensive and have other 
disadvantages; for instance, they are difficult to distribute over long distances. As an 
example, current carbon-based fuel costs about $0.08-$0.09 per kWh while the levelized 
cost of energy from PV is $0.211/kWh and from CSP the cost is $0.312/kWh [23].  
 
In addition to cost, PV technology is limited by the diurnal nature of sunlight as it relies 
on the presence of a constant source of sunlight/solar energy. Therefore, a sustainable 
energy system requires an efficient way to produce and store energy for the later usage. 
The most strategic solution to this problem is the conversion of photochemical energy 
directly into fuel (like hydrogen gas, H2) so that it can be stored and used later when 
direct sunlight is not available. This process produces eco-friendly solar fuel, which upon 
burning with oxygen, generates only water. So, essentially water is used to store energy. 
With a high energy capacity and enthalpy of combustion of 286 kJ/mol, hydrogen is 
considered a potential clean energy fuel. Apart from its use as a transportation fuel, it 
can also be used as a reagent for the formation of methane, methanol, or other 
hydrocarbons using atmospheric CO2 as a carbon feedstock [22]. However, hydrogen 
does not exist in plenty in nature in its molecular form. Thus, it has to be separated from 
hydrocarbons or other hydrogen carriers using chemical processes or it can be produced 
by the electrolysis of water. Hydrogen may form a bridge between renewable energy and 
chemical energy carriers if the energy required for electrolysis can be provided from 
renewable sources such as solar, wind, or geothermal [24]. 
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Commercially, hydrogen is currently produced from steam-methane reforming and the 
water-gas shift reaction. This method, however, still relies on fossil fuels and releases 
significant amount of CO2 into the atmosphere per year [25]. Alternative methods for H2 
production from solar energy are shown in Figure 1.1 [26]. 
 
 
Figure 1.1 Potential routes for sustainable hydrogen production 
 
The splitting of water into its atomic components, H2 and O2 using thermolysis (also 
called thermal decomposition) requires very high temperatures. The reverse-reaction, on 
the other hand, is highly exothermic, therefore any hydrogen or oxygen produced readily 
recombines to form water. The rigorous requirement of high temperature for the 
production of hydrogen imposes several material requirements for a thermal water 
splitting device, which has prevented this technique from being a viable approach [27]. 
Conversion of biomass to H2 using solar energy is another technique, but has a very low 
efficiency [26].  
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The most viable approach for the production of hydrogen using solar energy is the direct 
photolysis (or photoelectrolysis) of water. Such systems comprise of a light harvesting 
device (photovoltaic device) and a water splitting device (an electrolyzer) in a single unit. 
This design can be achieved through the use of semi-conductor photocatalyst that is 
able to absorb the solar energy and use it to catalyze the decomposition of water. It is 
known as a photoelectrochemical device and a detailed description of such setup has 
been discussed in later sections. 
 
1.2 Photoelectrochemical Cell 
 
Sunlight-driven fuel production from water has attracted global attention in the past 
decades. PEC water splitting is a promising method of hydrogen generation at ambient 
temperature using cost-effective semiconductor materials. This process mimics the 
natural photosynthesis process where a photocatalyst dissociates the water into its 
constituents using either artificial or natural light. Figure 1.2 shows the schematic of a 
PEC cell, depicting the main components of the cell: n-type semiconductor as 
photoanode (working electrode), cathode (counter electrode), and electrolyte cell [28]. 
The surface of the photoanode when exposed to light absorbs energy (related to the 
band gap of the material) and generates electron-hole pairs. The holes thus produced 
oxidize water molecules and liberate hydrogen (H+) ions, which diffuse through the 
electrolyte to the cathode. The photo-generated electrons travel towards the cathode via 
an external circuit, where hydrogen ions are reduced resulting in the formation of 
hydrogen molecules. The production of hydrogen is thus accompanied by an electric 
current (opposite to the flow of electrons) in the external circuit [29]. In order to 
detect/collect hydrogen, the photoanode and the cathode (reduction site) are separated 
spatially. Otherwise, in presence of oxygen, hydrogen and oxygen can recombine, 
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regenerating water and thus preventing the hydrogen gas from being collected and 
stored. 
 
Figure 1.2 Schematic of a photoelectrochemical cell 
 
1.2.1 Material Requirements for PEC cell 
 
There are, however, certain requirements in the choice of material for the design of PEC 
devices. Characteristics required for efficient PEC water splitting are:  
(a) Desirable Bandgap range (1.6 – 2.2 eV) 
The PEC properties of inorganic semiconductors strongly vary with the band gap of the 
material. The chemical reactions depicting the two processes, the hydrogen evolution 
reaction (HER) and oxygen evolution reaction (OER), are described in equations 1.1 and 
1.2 below. For photochemical hydrogen production to occur, the flat-band potential of the 
semiconductor must exceed the hydrogen reduction potential of 0.0 V Vs NHE (normal 
hydrogen electrode) at pH 0. On the other hand, to facilitate the oxidation of water, the 
potential of the valence bandedge must be more positive than the oxidation potential of 
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water of -1.23 V Vs NHE at pH 0 [30]. Considering these potentials, aband-gap value of 
1.23 eV is required to drive the water-splitting reaction (shown in equation 1.3) 
theoretically. 
 
                 OER: H2O →
1
2
O2 +  2H
+ +  2e−              E = -1.23 V Vs NHE               (1.1) 
                 HER: 2H+ +  2e− → H2                           E = 0 V Vs NHE                       (1.2) 
                Net Reaction:H2O →
1
2
O2 + H2             E = Ecathode - Eanode = -1.23 V,  
                                                                  ΔG = 237 kJ mol-1of H2O     (1.3) 
 
In addition, to favorably drive the reaction in equation 1.3, the semiconductor must also 
provide overpotential for both cathodic and anodic reactions.  Considering the potential 
difference of 1.23 eV between the two half-reactions, the minimum bandgap required for 
the semiconductor is 1.6 eV. However the bandgap should not be too broad, otherwise 
the semiconductor will not be able to absorb the visible range which significant segment 
of the solar spectrum. For this reason, the bandgap should be below 2.2 eV [31]. 
 
(b) Appropriate band edge alignment 
Another important requirement is that the conduction and valence band edges must 
straddle the hydrogen and oxygen redox potentials (as shown in Figure 1.3) [32]. That is, 
the conduction band (CB) edge of the semiconductor material should lie above the H2 
reduction potential (negative value Vs NHE) and the valence band (VB) edge should lie 
at a more positive potential than the water oxidation potential. Figure 1.4 shows the band 
gap of several semiconductors and their standard potentials relative to the vacuum level 





Figure 1.3 Basic Principle of overall water splitting on a heterogenous catalyst 
 
 
The conduction and valence bands comprise several quantized energy levels within 
them. The energy level at the bottom of the conduction band (known as the lowest 
unoccupied molecular orbital, LUMO) correlates with the reduction potential of 
photoelectrons, while the topmost energy level of valence band (known as the highest 
occupied molecular orbital, HOMO) estimates the oxidizing ability of photo-generated 
holes. The LUMO and HOMO energy levels thus reflect the ability of the system to 




Figure 1.4. Diagram depicting band gap values of various oxide materials relative to 
vacuum and NHE level in an electrolyte of pH=2 (Reprinted with permission from 
publisher) 
 
Figure 1.4 shows that the band gaps of candidate oxide materials for photoelectrodes 
vary between 2.3 and 3.7 eV and none of them have conduction and valence band 
edges aligned properly to straddle both HER and OER reactions simultaneously. This 
issue will be discussed in more detail in further sections. 
 
(c) Stability in aqueous solution 
Another important requirement is that the semiconductor should be resistant to corrosion 
by the electrolyte and other environmental conditions. Since the photoanode is exposed 
to water and illumination, the reactions at electrode/electrolyte led to chemical 
transformations at the surface of photoanode. Such chemical processes (reversible or 




(d) Additional requirements 
Semiconductor material, in general, should have high charge carrier mobility, low charge 
recombination rate and high optical absorption. In addition, it should be non-toxic and 
cheap to fabricate and process. 
 
1.2.2 Choice of Photoanode 
 
The architecture of semiconductor photoanode material determines the performance and 
stability of a photoelectrochemical cell. However, the requirements discussed above 
impose considerable constraints to the choice of appropriate photoanode material. So 
far, it has not been possible to find a material with all the above characteristics that 
exists in nature. The materials that are efficient (with appropriate band edge alignment) 
are not usually stable in aqueous solutions during long irradiation times. For reasonable 
photocurrent efficiency, the band gap must be less than 2.2 eV, as described earlier. 
Unfortunately, most semiconductors with a band gap in this range are photochemically 
unstable in water.  On the other hand, the materials that are photochemically stable in 
aqueous solutions (such as metal oxides) generally have wide band gap and thus 
absorb only a limited portion of solar spectrum. The low optical absorption coefficient 
limits their current conversion efficiency. These issues have made the search for new 
materials for a viable PEC water splitting device extremely challenging. Trial-and-error 
synthesis approaches over the years have proven ineffective in the discovery of a 
suitable material. The general approach that has been followed is band gap engineering 
of existing photochemically stable semiconductor materials to make them more efficient.  
 
Ever since the first report of PEC water splitting, which was  based on an n-type, TiO2 
photoanode, presented by Fujishima and Honda [33], many semiconductor-based 
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materials have been synthesized and studied for their photocatalytic or PEC 
performance. Among them, visible-light-active semiconductor materials are more 
promising since the energy of the visible-light region constitutes the major portion of the 
solar spectrum. Apart from titania, metal oxides which are most studied are ZnO, Fe2O3, 
WO3, CuWO4, SnO2 and SrTiO3. Some of them are discussed in detail here. 
 
1.2.2.1 Zinc Oxide (ZnO) 
 
With a wide direct band gap of 3.1 - 3.3  eV and large exciton binding energy of 60 meV, 
Zinc oxide (ZnO) has been used in numerous applications such as, photocatalysts, 
sensors, solar cells, transparent electrodes, light-emitting diodes (LEDs)  and ultraviolet 
laser diodes (LDs) [34]. ZnO absorbs light mainly in the ultraviolet (UV) region similar to 
titania. It also has similar CB and VB edges [35, 36]. Some authors even suggest that 
ZnO shows approximately equal photoactivity when compared to titania [37, 38], with 
minor discrepancies arising from methods of preparation, nanoparticle size, crystallinity, 
etc. For such reasons, ZnO has been widely studied, and is probably the most studied 
semiconductor oxide after titania. Apart from semiconducting properties, ZnO exhibits 
piezoelectric properties as well.  
 
ZnO crystallizes in three forms - wurtzite B4, zinc blende B3, and rocksalt B1, where B1, 
B3, and B4 denote the Strukturberichtdesignations of the three phases [39]. Wurtzite 
phase, with hexagonal symmetry, is the most thermodynamically stable phase at 
ambient conditions. The zinc blende form can be stabilized by growing ZnO on 
substrates with a cubic lattice structure, and the rocksalt NaCl structure may be obtained 
only at high pressures (about 10 GPa). ZnO has an inherent ability to crystallize in 
various geometries and structures including, nanocombs, nanobelts, nanoneedles, 
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nanorods, nanofibers, and nanowires [40-43]. Due to these physical properties, ZnO can 
be considered a good choice as photoanode in cases when titania could not be used. 
 
1.2.2.2 Hematite (Fe2O3) 
 
Another interesting oxide semiconductor is Fe2O3. It can be obtained in 
various polymorphic forms, among those the main ones are, α and γ. In both of these 
motifs, iron adopts octahedral coordination geometry. α-Fe2O3 has been investigated as 
a photoanode for the water-splitting reaction for several decades. With a band gap of 2.0 
– 2.2 eV, it can capture approximately 40% of the incident sunlight. Apart from its 
favorable band gap, this semiconductor meets many other target photoanode 
requirements as it is abundant in nature, inexpensive, environmentally benign [44, 45], 
and has excellent chemical stability in most electrolytes at pH >3 [46]. However as a 
Mott-insulator [46], it has a few inherent disadvantages such as: a small absorption 
coefficient, a low carrier mobility limit y (∼10-1 cm2V-1s-1 ) [44, 47] and a small hole 
diffusion length (2–4nm) [48]. These problems are typical characteristics of first-row 
transition metals due to the compact radius of the 3d orbitals, which render unpaired 
spins highly localized resulting in strong overlap with bridging oxo-ligands. These 
properties give rise to poor charge transfer and high charge recombination rate, thus 
limiting the practical efficiency of the material [47]. In addition, the CB edge lies at 0.2 V, 
which is more positive than H2 reduction potential (0 V Vs NHE). Thus, to efficiently drive 
the hydrogen evolution reaction, an upward shift of the conduction band position (above 
the HER potential) is required. To instigate such modifications, advanced research with 
controlled growth and doping of α- Fe2O3 nanostructures have been investigated and 
found to overcome many of the limitations associated with the poor charge 
characteristics of bulk α-Fe2O3, yielding promising PEC performance [49-52]. For a 
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material with such a short hole diffusion length as hematite, generally materials are 
prepared at nanoscale level (thin films) to address the issue [53, 54].  
 
In general, semiconductor materials show improved photocurrent efficiencies in thin film 
form because of large surface area [55]. A transparent conductive glass electrode, 
formed by overlaying a thin transparent electroconductive layer, is usually used as the 
substrate for the photoanode. The electroconductive layer is generally composed of 
indium-tin-oxide (ITO) or fluorine-doped tin oxide (FTO). FTO or ITO-coated glass 
substrates are commercially available. As an alternate, ITO can be also formed on a 
transparent polyethylene terephthalate (PET) based plastic substrate [56]. Such plastic 
electrodes serve the purpose of flexible electrodes with non-planar reactor geometries. 
Plastic substrates are primarily used for organic photovoltaic or LED devices, but are 
recently used for PEC cell applications as well. Some researchers use non-transparent 
metal electrodes as substrates, principally titanium. As a general rule, in cases where 
the photoanode is exposed to front-side illumination, the electrode can either be a 
transparent or non-transparent metal. On the other hand, for studies where the excitation 
source must pass through the electrode to irradiate photocatalyst, it is imperative to use 
transparent materials. Some other substrates are conductive textiles, like carbon cloth or 
carbon paper, which also provide flexibility to the electrodes [57]. 
 
The major disadvantages of α-Fe2O3 (a small absorption coefficient, low carrier mobility 
limit and small hole diffusion length) arising from the central atom being first-row 
transition metal can be solved by considering larger 5d metals such as W. Tungsten 
Oxide (WO3), which is diamagnetic in nature, with d0 configuration. As a consequence, 
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the hole mobility and diffusion lengths are larger at 10 cm2V-1s-1 and 0.15 µm, 
respectively [58]. 
 
1.2.2.3 Tungsten oxide (WO3) 
 
Tungsten oxide (WO3) is a semiconductor oxide material with interesting physical 
properties and potential technological applications [59]. It has been widely used in 
optical devices, electrochromic windows, photocatalysis, and gas sensors [60-64]. WO3 
has been synthesized in various nanostructured morphologies, such as nanoparticles, 
nanoplatelets, nanorods, and nanowires. The introduction of nanocrystallinity 
significantly alters the surface energies of materials, as atomic species that are close to 
the surface have different bond structures than those that are embedded within the bulk 
[65].  
 
Despite the simple stoichiometry of WO3, it exists in a number of distinct crystalline 
forms: monoclinic, orthorhombic, tetragonal, hexagonal, and cubic. The triclinic, 
monoclinic, orthorhombic, and tetragonal WO3 phases have similar crystal structures 
that reversibly transform into one another. They are generally formed by corner and 
edge sharing of WO6 octahedra, and differ only by the extent to which the W atoms are 
displaced from the center of the WO6 octahedra [59]. The crystalline phase of the WO3 
and the transition from one phase to the other depends on the annealing temperature. 
WO3 is monoclinic at ambient temperature, and phase transitions are generally observed 
after heating to high temperatures of 1000°C [66].  Among the phases mentioned above, 




WO3 is a wide band gap (2.6–3.0 eV) n-type semiconductor, where the valence band 
comprises of 2p orbitals of O and the conduction band comprises of empty W 5d 
orbitals. Although the photocatalytic activity of WO3 as a photoanode in solar cells is not 
comparable to that of TiO2 and other semiconductor oxides, it has demonstrated its 
efficiency as an electrochromic material. For WO3, the band gap varies with the crystal 
phase transition and the degree of distortion from the ideal cubic phase, which is rare to 
obtain at room temperature.  Phase transitions, in principle, alter the occupied levels of 
the W 5d states, resulting in band gap variation [67]. For example, amorphous WO3 
possesses a relatively large Eg of 3.25 eV, whereas bulk monoclinic WO3 has been 
reported to exhibit a typical Eg of 2.62 eV, at room temperature. Phase changes in WO3 
are found to be associated with doping. For instance, for H-intercalated WO3, cubic 
phase has been observed for the species H0.5WO3, LixWO3, and NaxWO3 [68]. This 
suggests that phase change, and hence, band gap and other electronic properties of 
WO3 can be easily manipulated by the utilization of dopants and sensitizers. 
 
1.2.2.4 Copper tungstate (CuWO4) 
 
Copper tungstate, or copper tungsten oxide (CuWO4), has been widely studied for 
optoelectronic applications such as scintillation detectors, lasers, and optical fibers 
[69]. Several investigations revealed that CuWO4 has n-type character [70] and a band 
gap of 2.2–2.3 eV. These characteristics, in addition to its well positioned conduction 
and valence band edges, suggest its potential as a promising photoanode for PEC water 
splitting application [71]. Despite these facts, very few studies have been reported so far. 
A disadvantage for CuWO4 lies in the fact that it is an indirect n-type semiconductor, 
therefore a thicker layer is usually required for adequate absorption of light. In addition, 
the carrier mobility of CuWO4 is low due to trap states associated with Cu 3d electrons. 
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Hence, the production of a layer thick enough to absorb light results in low photocurrent 
density. The low photocurrent is also a consequence of reduced chemical efficiency and 
slow surface kinetics. A typical strategy to overcome low carrier mobility is to fabricate 
thin films with dimensions on the order of carrier diffusion length. This technique has 
proven effective for materials such as Fe2O3 and BiVO4 [72]. However, this is not viable 
for CuWO4 due to the indirect semiconductor properties. 
 
The photoelectrochemical properties of polycrystalline copper tungstate were first 
reported by Benko et al. in 1982 [73]. But in form of thin film, this material was first 
synthesized using spray-pyrolysis technique by Pandey et al. in 2005 [55]. Following the 
trend, Yourey reported the fabrication of CuWO4 thin films by electrodeposition method 
in 2011 [74]. These films exhibited n-type conductivity with an indirect band gap of 2.25 
eV and a donor density of 2.7 x 1021/cm3. PEC studies concluded that CuWO4 is more 
stable than WO3 for the OER in aqueous electrolytes at pH 7 [74]. Amorphous thin films 
of copper tungsten oxide were deposited using physical vapor deposition by Chen et al. 
[75] who found that the band gap and conductivity type of films can be tuned by varying 
the composition. However, amorphous CuWO4 was observed to be unstable in aqueous 
solution, and thus not suitable for PEC water splitting applications. Later in 2011, 
Gaillard and co-workers investigated the effect of thermal treatment on crystallographic 
and PEC properties of sputtered CuWO4 films and found that annealing at 500°C under 
argon atmosphere resulted in a change in conductivity of the material, from p-type 
(amorphous) to n-type (polycrystalline) [76]. In an effort to lower bulk resistance of 
CuWO4, Gaillard demonstrated the synthesis of CuWO4 and carbon nanotubes (CNT) 
composite. However, carbon nanotubes are not photoactive and therefore the overall 
current efficiency was limited to 470 µA cm-2 [77]. Zhang et al. incorporated conductive 
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Ag nanowires into the CuWO4 framework and obtained an enhanced photocurrent of 1.5 
mA cm-2 [72]. Bohra et al. observed a 1.5 times increase in photocurrent density (0.14 
mA cm-2) and a 50% increase in charge separation efficiency with Fe as the dopant [78]. 
These studies suggest that the photocurrent obtained with CuWO4 material is still very 
low and needs further improvement. 
 
1.2.2.5 Titanium dioxide (TiO2) 
 
An interest in TiO2 emerged from the first experiment reported on water splitting by 
Fujishima and Honda which utilized rutile TiO2as the photoanode [33]. There are several 
factors that make it a promising candidate for photocatalysis among other metal oxide 
semiconductor materials [79]: 
 It is chemically and biologically inert 
 
 It is stable with respect to chemical corrosion compared to ZnO and the iron 
oxide polymorphs 
 It is nontoxic, inexpensive, and simple to use and produce. 
 
Titanium dioxide (also known as Titania) is a typical n-type semiconductor and exists in 
three polymorphic forms: anatase, rutile,and brookite. Brookite is rare in nature and 
rutileis stable only under high temperature conditions. Anatase and rutile structures are  
most widely used for the practical applications whereas brookite phase is less known 
due to the problems associated with its synthesis in pure nanocrystalline form [80]. 
Anatase phase is not as thermodynamically stable as rutile but has proven to be the 
most promising photocatalyst with a wide bandgap of 3.2 eV [81]. Rutile phase, with a 
smaller band gap of 3.0 eV (corresponding to a wavelength of 413 nm), is expected to 
show better photocatalytic activity. However, it is claimed as the less active phase for 
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photodegradation because of the low diffusivity and mobility of electrons in rutile than 
in anatase which results in a very high charge recombination rate [82]. The basic unit 
that composes TiO2 is TiO6 octahedrons. The crystal structure of TiO2 is determined by 
the distortion of each octahedron and the way the TiO6 octahedrons are connected. 
Both anatase and rutile phases are composed of Ti ions surrounded by six oxygen 
atoms in an octahedral configuration [83]. The primary structural differences between 
the two phases are the degree of distorted octahedrons and the way octahedrons are 
connected. Rutile is composed of parallel chains of octahedrons where the octahedron 
is somewhat distorted and each octahedron is connected with ten other neighboring 
octahedrons. The octahedrons in anatase phase show apparent prismatic distortions 
and each octahedron is connected with eight other neighboring octahedrons. Anatase 
has larger Ti-Ti distances and shorter Ti-O distances than rutile. Due to the different 
crystal structures of TiO2, each phase possesses distinct physical properties [84]. 
 
1.3 Potential applications of TiO2 
 
1.3.1 Dye-sensitized solar cells 
 
 
The basic principle underlying the charge transport in dye-sensitized solar cells (DSSCs) 
is the injection of photo-induced electrons from dye molecules into an inorganic 
semiconductor. The holes produced are transported via a redox mediator. Efficient light-
to-energy conversion can be obtained with a high surface area of a sensitizer and 
semiconductor substrate, which enables efficient electron injection as well as light 
harvesting. For DSSCs, the highest energy conversion efficiencies have been reported 
with titanium dioxide [85-88].  
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Other semiconductors, such as zinc oxide (ZnO) [89], tin oxide (SnO2) [90], and niobium 
oxide (Nb2O5) [91] have been investigated but have proven to be less effective than 
TiO2. TiO2 has a wide bandgap and is not able to absorb a major portion of sunlight, but 
when coated with a metal organic ruthenium-based dye, the dye absorbs light and can 
generate photo-induced electrons which are injected into the CB of TiO2. The holes 
generated are transported to the redox electrolyte while the electrons travel through the 
external circuit to the counter electrode. The oxidized form of the dye is regenerated by 
iodine ions through reduction (gain of electrons). These cells demonstrate 10% power 




Titanium dioxide is a well-known photocatalyst for air and water treatment and for 
catalytic production of gases. A significant amount of work has been carried out 
demonstrating the promising performance of TiO2 as a catalyst for the degradation of a 
wide variety of organic and inorganic pollutants such as,  dichlorodiphenyl 
trichloroethane (DDT), dichloronitrobenzene, trichloroethylene, H2S, NO etc. [92]. The 
general scheme for the photocatalytic degradation of organics involves the excitation of  
TiO2 by supra bandgap photons producing 
.
OH radicals on the photocatalyst surface that 
play a major role in the kinetics of reaction. Photocatalytic characteristics of  TiO2  are 
greatly enhanced at nanoscale due to the increase in surface-to-volume ratio [93]. An 
increased rate in photocatalytic activity is observed with an increase in the redox 
potential and decrease in the particle size [94]. Enhanced photocatalytic rates have 




1.3.3 UV Photodiodes 
 
SiC and GaN based devices are primarily used for UV light detection [98, 99]. Such 
devices show excellent wavelength selectivity and can be operated at room-
temperature. However, high cost and complicated fabrication processes are a major 
disadvantages [100]. For competitive devices, TiO2 or ZnO based products are much 
more economical and exhibit similar spectral behavior [101]. The distinctive UV 
absorption characteristics (due to the wide band gap) render TiO2 suitable for this 
application [100]. 
 
1.3.4 Other Applications 
 
1.3.4a Gas Sensors 
 
Another important application of TiO2 is its use as potential gas sensors. TiO2 is a 
promising material for gas sensors, especially for reducing gases. Since it is a dielectric 
semiconductor, oxygen vacancies are created on the surface of material even under 
mild reducing conditions accompanied by a change in its electrical resistance [102]. This 
change in electrical resistance/conductance of the material is affected by the amount, 
type, grainsize, andcrystalstructure of chemisorbed oxidizing species [103].Temperature 
is another factor that greatly affects the sensitivity of these gas sensors [104]. When 
TiO2 is exposed to the reducing gas (such as LPG, CNG, ethanol, methane and 
hydrogen), the surface adsorbs the gas, and some of the oxygen is removed by reacting 
with water and oxygen at the surface [105].  
 





In the beginning of the 20th century, TiO2 started to replace toxic lead oxides in 
industrial production as pigments and as an opacifier for white paints [106]. Since then, 
thismaterialhas beenusedasan opacifieringlass, porcelain enamels,paints, and ceramics 
[107]. Titania is white in color with a very high refractive index (n=2.7)  which is 
surpassed only by diamond [106]. The refractive index determines the opacity the 
pigment provides to the host matrix. With such high refractiveindex, awhite 
opaquecoating can be achieved by relatively low levels of titania pigment [108]. 
 
1.4 TiO2 Nanotubes 
 
In 1991, Sumio Iijima first reported the preparation of nanometer-size, needle-like tubes 
of carbon — now familiar as 'nanotubes' [109]. With their interesting optical and electronic 
properties, carbon nanotubes seem to have unlimited potential in various applications. 
This discovery stimulated the quest in search of other nanotubular structures, and since 
then, various reports on the fabrication of one-dimensional nanostructures, like 
nanotubes, nanowires, nanorods, etc. have been published. Such 1-D nanostructures, 
due to their high surface-to-volume ratios are expected to enhance photogenerated 
charge carrier transport and reduce the electron–hole recombination rate. Titania 
nanotubes are probably the most investigated material among 1-D nanostructures.  
 
Various synthetic methods are employed for the synthesis of 1-D nanostructures, 
including deposition onto a template [110, 111], sol–gel polymerization [112, 113], 
seeded growth [114], hydrothermal process [115, 116] and anodic oxidation [117]. 
Hydrothermal process generally involves the treatment of titanium at high temperature 
and pH for several hours and this typically produces nanowires rather than nanotubes. 
For the production of nanotubes, commonly employed synthetic methods are the 
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template and electrochemical anodic oxidation methods. The template-assisted method 
requires the use of a scaffold, such as porous alumina, zinc oxide, and various organic 
polymers; which is removed later selectively to yield the resulting nanostructure. The 
template used is classified as a positive or a negative template, depending on whether 
the metal oxide is coated on the outer surface or inner surface, respectively [118]. The 
morphology of the resulting nanotube array depends on the dimension and type of the 
template [119]. However, this method is a time-intensive technique due to pre-fabrication 
and post-fabrication (removal of template) steps. In addition, dissolution of the template is 
usually accompanied by contamination or the destruction of nanotubes [118]. Due to 
these inherent disadvantages, the template method is not commonly used. 
 
Another method for the synthesis of a highly ordered array of nanotube is the 
electrochemical oxidation of Ti foil in F--based electrolyte. Using this method, the 
morphology of tubes (pore size, wall thickness and length) can be easily tailored by 
varying the potential, electrolyte composition, anodization time, and annealing 
temperature. Masuda and Fukuda demonstrated that highly ordered arrays of oxide 
material could be grown with optimum anodization conditions [120]. Zwilling and co-
workers furthered this concept and demonstrated the self-ordered growth of TiO2 
nanotube arrays (NTAs) by electrochemical anodization of titanium (Ti) in fluoride 
containing electrolyte [121]. Following these studies, many advances were made 
towards the optimization of length, thickness and aspect ratio of TiO2 nanotubes by 
Schmuki et al. [122, 123]. These studies attracted wide interest and numerous efforts 
have been devoted to the synthesis of titania nanostructures 
(nanorods, nanowires, and nanotubes) using the anodization technique in different 
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electrolytes [124-128]. The nanotubular geometry provides an open structure for easy 
access of electrolyte and facilitates the hole transfer through the pores.  
 
The Anodization technique is an extremely versatile 'self-organizing' process that allows 
metal substrate to be coated with a perpendicular array of nanotubes [129]. The process 
is typically carried out in either an inorganic or organic fluorinated electrolyte. Examples 
of organic electrolytes include ethylene glycol, DMSO, glycerol, and ionic liquids. 
Nanotubes grown in these environments generally yield longer nanotubes compared to 
tubes grown under an aqueous environment. The governing factor is low water content, 
which controls splitting of tubes resulting into tubes with smooth walls [130]. Other 
important parameters determining the dimensions of the TiO2 NTAs include anodization 
potential, anodization time, pH of electrolyte, bath temperature, and fluoride content 
[131]. The diameter of the nanotubes can be controlled by the anodization potential 
where diameter varies linearly with an increase in potential. The wall thickness of the 
nanotubes is mainly governed by bath temperature and fluoride content in the electrolyte 
[130]. The pH of electrolyte governs the etching rate, which in turn governs the pore 
nucleation and growth of the nanotubes. At low pH, tube length is limited to 500– 600 nm 









1.5 Shortcomings of TiO2 as Photocatalyst 
 
 
With strong catalytic activity, high chemical stability, and non-toxicity, TiO2 is the most 
widely used photocatalyst. However, the solar to hydrogen conversion efficiency by 
photocatalytic water-splitting using TiO2 is still low considering the following factors: 
(1) High Recombination rate: The photocatalytic mechanism involves the excitation of 
electrons from the valence band to the conduction band by absorbing sunlight, leaving 
behind positive holes in the valence band. The lifetime of these species is typically very 
small and can recombine very fast (in the absence of suitable scavengers). As a result, 
the energy can dissipate in the form of heat or photons within a few nanoseconds. Other 
possible processes include, reaction with electron donors/acceptors adsorbed on the 
semiconductor surface or trapped in metastable surface states.  
(2) Fast reverse reaction: Breakdown of water into its constituents, hydrogen and 
oxygen is an energy intensive process (with positive ∆G), thus the reverse reaction 
(recombination of hydrogen and oxygen into water) has a negative value of ∆G and 
occurs spontaneously. 
(3) Inability to utilize visible light: Anatase phase of TiO2 has a band gap of about 3.2 
eV with which only UV light can be absorbed and utilized for hydrogen production. The 
inability of TiO2 to absorb visible light limits the efficiency of photocatalytic hydrogen 
production since the visible light accounts for about 50% of solar radiation while UV light 
contributes for only 4% [81]. 
 
To resolve the above mentioned issues, continuous efforts have been made over the 
years to enhance the visible light response and thus to promote the photocatalytic 
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activity of TiO2 rendering it suitable as a commercially viable photocatalyst for hydrogen 
production. 
 
1.6 Modification methods of TiO2 photoanode 
 
Several methods have been proposed over the years to overcome the shortcomings of 




One of the methods used to modify previously discussed deleterious physical properties 
of TiO2 is its coupling with different kinds of semiconductor materials with different 
energy levels and band gaps. The benefits of this method are that the absorption 
spectrum can be expanded (for example, a wide bandgap semiconductor coupled with 
a narrow band-gap semiconductor) [132]. Such combinations have been investigated 
with several coupled semiconductors, and notable examples include: TiO2:SnO2 [133-
135], TiO2:WO3 [136], TiO2:RuO2 [137], TiO2:V2O5 [138, 139]. Among these, coupled 




Doping has been proven to be a highly successful method of enhancing the 
photocatalytic activity of semiconductor materials. Doping and co-doping (with metal ions 
or non-metal ions) into the TiO2 matrix have proven to enhance photocatalytic activity by 




A variety of metals (for example, Fe, Cr, Sn, Ru, V, La, Zn, Mo, W, Os, Re and Rh [141-
148]) and non-metals (N, F, C, S etc. [149-153]) have been utilized as dopants for TiO2 
nanomaterials. Unlike metal ions, non-metal anions form less recombination centers and 
are therefore more effective as photocatalysts [154].  The various methods by which 
metal and non-metal ions may be introduced into TiO2 matrix include wet synthesis, ion 
implantation, and chemical vapor deposition (CVD) processes. Wet synthesis methods 
typically involve the hydrolysis of a titanium precursor in a mixture of water and other 
reagents. The species to be doped into the TiO2 substrate is added to the reagent in the 
required amount at the start of the synthesis. In ion implantation, ions of a specified 
dopant are accelerated with an electrical field and impacted into the solid substrate 
[155]. CVD is an alternative method used for doping, in which the substrate is exposed 
to volatile precursor(s) that deposit on the surface of the substrate to obtain the desired 
product [156]. 
 
1.6.2.1 Mechanism of Doping 
 
The change in photoactivity of doped material can be understood by the introduction of a 
new energy level between the VB and CB of semiconductor upon the doping (as shown 
in Figure 1.5). An electron in the defect state requires far less energy than is required to 
induce an analogous transition from the VB to the CB of the pure semiconductor.Doped 
ions, thus act as a intermediate level for an electron to jump between the conduction and 
valence bands of TiO2 [157]. Irradiation with visible light strictly excites electrons from the 
dopant energy level, thereby reducing the band gapof the material and increasing the 










The term sensitization originally referred to the process by which a photographic film (or 
plate) was made more sensitive to particular wavelengths of light [158]. It is now 
generally accepted that the photoexcited state of the sensitizer injects electrons into the 
CB of the underlying material and thus 'sensitizes' the substrate. Sensitization can thus 
be defined as a process in which light absorption by a sensitizer molecule leads to a 
physical or chemical change in the substrate [158].  The charge injection from the 
conduction band of the sensitizer to that of TiO2 can lead to efficient charge carrier 
separation by reducing the electron-hole recombination rate. However, the sensitizers 
themselves can be degraded in the presence of electrolyte and under exposure of light. 
Therefore the identification of effective sensitizers, which can sensitize the surface of 




1.6.3.1 Dye-sensitized Solar cells  
 
In DSSCs, organic dyes are employed as sensitizers for semiconductor substrates 
(usually TiO2). Under visible light exposure, the excited dyes generate electron-hole 
pairs and electrons are injected into the CB of TiO2. Grätzel et al. first reported the 
development of a dye-sensitized solar cells (DSSCs) using nanocrystalline TiO2 in 1991 
[159]. The efficiency of this new type of solar cell was reported to be 7.1–7.9%, 
comparable to the amorphous silicon solar cells [160]. Although DSSCs based on liquid 
electrolytes have currently reached efficiencies as high as 10% [161], the major 
limitation derives from the use of liquid electrolytes. Liquid may evaporate from the cell if 
it is not perfectly sealed, or could possibly result in permeation of water or oxygen 
molecules inside the cell. The permeated species can react with the electrolyte and thus 
can degrade the cell performance [162-164]. Recently, attempts have been made to 
solve these problems by replacement of the liquid electrolyte with solid-state hole 
conductors [163-166]. Among the solid-state cells, those containing p-type 
semiconductors are advantageous because of their higher stability and ease of 
fabrication. However, they are not stable under longer irradiation times. Devices with 
polymer electrolytes demonstrate higher efficiency with the proper encapsulation for 
wider practical use.  
 
1.6.3.2 Quantum Dots-sensitized Solar cells  
 
Quantum dots have emerged as an interesting class of inorganic semiconductor 
sensitizers in recent years. Quantum dots (QDs) is a term used for nanocrystals of 
semiconducting materials that possess dimensions less than the Bohr exciton radius 
of the material. The Bohr exciton radius is the average distance between an electron 
and its conjugate hole within an exciton (an electron-hole pair) [167]. When the radius 
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of material is equal or less than this Bohr exciton radius, the energy levels of the 
semiconductor become quantized according to Pauli’s exclusion principle. The 
discrete, quantized, energy levels of quantum dots relate more closely to atoms rather 
than bulk materials. Band gaps and the associated energy are dependent on the 
relationship between the size of the crystal and the exciton radius.Generally, a 
reduction in size of the crystal results in a shift of electronic excitations to the higher 
energy, accompanied by the increase in band gap of the semiconductor [168]. Thus, 
the band gap of the material can be tuned by varying the size and composition of the 
QDs. This methodology has been applied to make the materials efficient for harvesting 
photon energy ranging from ultraviolet to infrared (IR) regions of the solar spectrum 
[169]. Such unique tunable electronic property make QDs very appealing for a variety 
of applications including sensitizer in solar cells as a dye replacement [170, 171]. A 
schematic depicting the working of a QDSSC is shown in Figure 1.6 [172]. 
 
Figure 1.6 Schematic of a quantum dot–sensitized solar cell (QDSSC)(Reproduced from 




QDs also possess unique properties that have resulted in their recognition as sensitizers for 
quantum dot-sensitized solar cells (QDSSCs) such as multiple exciton generation [173], 
high molar extinction coefficients [174], a high emission quantum yield [175], and a tunable 
band gap [169]. The phenomenon multiple-exciton generation (also known as the 'Inverse 
Auger effect')leads to the higher power conversion efficiency (η) of QDSSCs [176]. In 
addition, the high photostability and chemical stability of QDs compared to organic dyes 
enables their use in photovoltaic devices that require long exposure times. Despite the 
fact that the theoretical maximum conversion efficiency of QDSSCs (44%) is 
considerably higher than the DSSCs (31%) [177], the performance of QDSSCs are still 
lower than that of their DSSC counterparts [169]. Therefore, considerable research has 
been focused on attempts to improve the efficiency of QDSSCs. 
1.6.3.3 Techniques for Sensitization 
 
In the development of QDSSCs, two main approaches have been considered for the 
fabrication of light harvesting material: the ex-situ approach and the in-situ approach [178]. 
The ex-situ approach involves the attachment of pre-synthesized QDs on to the surface of 
a substrate [179]. The common ex-situ techniques are : direct adsorption [180, 181], linker 
assisted assembly [179, 182] and electrophoretic deposition [183].  Alternatively, the in-situ 
approach employs direct growth of QDs on the substrate surface. The two main processes 
employed for direct growth of QDs are; chemical bath deposition (CBD) [184] or the 
Successive Ionic Layer Adsorption and Reaction (SILAR) technique [185].  
 
Colloidal QDs (synthesized for ex-situ techniques) are easy to engineer in terms of their 
size and shape. However, the ex-situ approach often results in low and non-uniform QD 
loading [186]. In contrast, in-situ approach  (CBD technique) results in higher QD loading 
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but is usually associated with aggregation [187]. Such effects might degrade the 
performance of the cell [188]. The SILAR technique offers the advantage of high uniform 
QD loading with low aggregation. It is basically a modified form of the CBD procedure 
that allows deposition of homogeneous thin layers of material at ambient temperature 
and pressure conditions. This technique offers a control on the thickness of the 
deposited layer, which is a function of the number of deposition cycles [189]. 
1.6.3.3.1 SILAR Technique 
 
The SILAR technique involves the sequential immersion of the substrate into solutions of 
cationic and anionic species with intermediate rinsing steps. The major steps involved in 
the formation of a thin film (of material AB) on the surface of the substrate are as follows 
[190]: 
 
Adsorption: First step involves the adsorption of the cations from the precursor solution 
(A+X-) on the surface of the substrate. It results in the formation of the diffused Helmholtz 
electric double layer where, the inner is positively charged (adsorbed cations, A+) and 
outer is negatively charged counter ions X-.  
Rinsing: In the second step, unbound or loosely bound/adsorbed species (A+and X- 
ions) are rinsed off from the diffusion layer. 
Reaction: Here, the anions B- from an anionic precursor solution (B-Y+) are introduced to 
the surface and allowed to react with A+ to form a covalent compound A+B- on the 
interface.  
Rinsing: In the final step, the unreacted species AB, loosely bound counter ions (X-, Y+), 




Repetition of these cycles results in the growth of a thin layer of material AB, on the 
surface of the substrate. With this procedure, the maximum film thickness per cycle is 
considered as one monolayer theoretically. The factors that affect the growth 
phenomena are, the concentration of the precursor solutions, the pH values, dipping 
times, nature of the substrate, temperature of the solution, and complexing agents [190]. 
 
Over the last decade, several studies have reported the sensitization of wide band gap 
semiconductors such as TiO2, using various narrow band-gap semiconductor materials. 
Some of the sensitizer materials used are: ZnS [191], CdS [192], CdSe [193], CdTe 
[194], Ag2S [194], MnTe [195], Sb2S3, Bi2S3, and In2S3 [189]. Although binary 
semiconductors have been studied well as sensitizer materials, ternary or quaternary 
semiconductors have been relatively less studied.  
 
1.7 Broad outline of Thesis 
 
Semiconductor alloy nanocrystals can be employed as potential sensitizer materials. 
Such alloy nanocrystals provide an additional degree of freedom in the selection of 
desirable properties for sensitizer since their physical and optical properties can be 
modified and optimized by simply varying their size and composition [196]. With this 
unique characteristic of variation of band gap with composition, it is possible to tune the 
absorption spectra (to increase visible light absorption) of alloys while maintaining a 
small size. Several binary semiconductor quantum dots have been investigated as 
sensitizers over the years. Ternary or quarternary alloys, on the other hand, have been 
less explored. Ternary alloys such as ZnCdSe, MnCdSe and CdSSe offer the 
advantage of fabrication of sensitizer material with tunable band gaps and conduction 
band edges simply by variation of stoichiometry and composition.  
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The dissertation is composed offive chapters. Chapter 2 summarizes the experimental 
procedure for the synthesis of sensitized and doped semiconductor photoelectrodes. 
The characterization techniques used for the surface analysis, optical absorption study, 
stoichiometry calculations and electrochemical measurements have been discussed 
and the details of the instruments used have been provided. 
Chapter 3 discusses the background and advent of Density Functional Theory (DFT). 
Density functional theory was developed by Kohn and Sham [197] and is based on the 
Hohenberg and Kohn theorms [198]. With this theory, the properties of many-electron 
system can be determined using spatially dependent electron density functionals [199]. 
In this formalism, the fundamental variational parameter is the electron charge density 
rather than the electronic wave functions. Plane wave basis sets and total energy 
pseudo potential techniques are then used to solve the Kohn-Sham one electron 
equations. The reliability of such calculations depends on the development of 
approximations for the exchange-correlation energy functional. Thus, the atomic 
arrangement of a material that is stable and that can be produced with minimal time and 
cost in the laboratory can be estimated [200, 201]. 
Chapter 4 discusses the results obtained from modified (doped or sensitized) 
photoelectrodes. Section 4.1-4.3 discusses the characterization and 
photoelectrochemical measurements of TiO2 nanotube based photoanodes sensitized 
with MnxCd1-xSe, ZnxCd1-xSe and CdSSe quantum dots, respectively. The effect of 
number of SILAR cycles and the post-deposition annealing temperature effects on 
photoactivity of the sensitized films have been investigated. The films were 
characterized with a range of analytical tools to characterize the morphology and 
composition of the surface of sensitized films. Apart from TiO2, both WO3 and CuWO4 
35 
 
exhibit promising characteristics for photoelectrochemical water splitting. Therefore, the 
effect of sensitization and doping on these two metal oxides were investigated further in 
the study. Section 4.4 presents a study on the sensitization of WO3 with ternary 
quantum dots. In this study, the porous WO3 layer was spray deposited. The WO3 thin 
film was then sensitized with ternary quantum dots (ZnCdSe) using the SILAR 
technique. Photoelectrochemical studies of the sensitized films are presented and 
compared to the unmodified WO3 films. In section 4.5, the band gap of semiconductor 
CuWO4 was calculated using the DFT modeling technique. Further, the variation of band 
gap with dopant such as Ni was investigated. This section summarizes the details of 
programming and results obtained from CuWO4. It further discusses the experimental 
results obtained by doping Ni into CuWO4 matrix. The synthesis and characterization of 
Ni doped CuWO4 system are discussed and compared to the theoretical results 
obtained by DFT modeling. The effect of Ni doping (at various concentrations 8.33% 
and 12.5 %) on the band gap and optical properties of CuWO4 thin film has been 
presented. 
 
Chapter 5 of the dissertation concludes with a summary of results and a section on 
suggested future work. The author's publications during her time at UNR and the input 








Chapter 2  
Materials and Methods 
This chapter outlines the materials, experimental procedures, and analytical techniques 
used to synthesize and characterize the semiconductor photoelectrodes. The results 
obtained from these studies are presented in the Chapter 4. 
 
2.1 Materials used 
 
Titanium foil (Ti, 0.005 inches thick, 99% purity) was purchased from STREM chemicals. 
SnO2:F coated or FTO glass (TEC 15, sheet resistance 12-14 ohms/sq.) was procured 
from Pilkington.Ethylene glycol (EG, 99%, Sigma Aldrich), ammonium fluoride (NH4F, 
98%, Acros Organics), cadmium acetate (Cd(OAc)2.4H2O, 98%, GFS), zinc nitrate 
(Zn(NO3)2.6H2O, 99.8%, Fisher Scientific), manganese chloride (MnCl2.4H2O, 
J.T.Baker), sodium borohydride (NaBH4, 98+%, Acros Organics), selenium (Se, BKH 
chemicals), sodium sulfite (Na2SO3, 98+%, STREM chemicals), sodium sulfide (Na2S, 
Alfa Aesar), ammonium metatungstate (NH4)6H2W12O40.H2O, 99.9+%, Strem 
Chemicals), copper acetate (Cu(OAc)2.H2O, 98+%, Alfa Aesar) and nickel chloride 
(NiCl2.H2O, 99.95%, Sigma Aldrich) were purchased and used without further 
purification. The organic solvents used, namely acetone, isopropyl alcohol (IPA) and 










A general experimental setup for electrochemical anodization consists of a two-electrode 
configuration where metal foil serves as the anode, while a Pt wire/plate serves as the 
cathode. In the present work, self-organized TiO2 nanotube arrays were synthesized by 
anodization of Ti foil. Titanium foils of ~2.5 cm2 were degreased and cleaned 
ultrasonically in a mixture of acetone and isopropyl alcohol for 15 min prior to 
anodization.The anodization was carried out under ambient temperature and pressure 
conditions in a two electrode configuration with a coiled platinum wire as the counter 
electrode. Ethylene glycol containing 0.5 wt% NH4Fand 3 wt% DI water was used as the 
electrolyte solution.The power supply used was purchased from Circuit Specialists 
(model number CSI12001X).The films were anodized either at 30V or 40 V for 1 to 2 
hours. The anodization setup is shown in Figure 2.1.  
 
 




2.2.2 Spray Pyrolysis 
 
Spray pyrolysis involves the formation of a thin film by thermal decomposition of 
aerosols on a heated substrate. The precursor solution is carried by a neutral carrier gas 
in form of fine droplets and sprayed by the atomizer onto the substrate (heated to a 
desired temperature) where the constituents of the precursor react to form the required 
chemical compound. The reactants are selected such that any by-products from the 
reaction are volatile at the deposition temperature [202]. 
Spray pyrolysis equipment generally consists of an atomizer, precursor solutions and 
heating plate for substrate with temperature controller.The process is carried out via the 
three following steps: 
(i) Formation of aerosols - to generate fine droplets of the spray solution with carrier gas 
(ii) Transport of aerosols to the substrate - Once the droplet leaves the atomizer and 
travels to the substrate, its physical and chemical state is determined based on the 
temperature of substrate, spray rate of atomizer and concentration of precursor solution. 
(iii) Evaporation of droplet followed by decomposition of the precursor salt leading to film 
formation. 
The thickness of film thus formed depends upon the optimization of the following 
preparative conditions;temperature of the substrate, distance between the spray nozzle 
and substrate, rate of spray deposition, concentration of solution, type of carrier gas, 
cooling rate after deposition [203].  
39 
 
The experimental apparatus used for spray pyrolysis for WO3 (chapter 4.4) and CuWO4 
films (chapter 4.5) is shown in Figure 2.2.  
 
Figure 2.2 Spray Pyrolysis set-up used for formation of thin films on FTO substrate 
 
In these experiments, the carrier gas used was nitrogen and the substrate was FTO 
glass. The specific substrate temperature, spray rate, and number of deposition cycles 
have been provided in sections 2.4.4 and 2.4.5. 
2.2.3 SILAR technique 
 
The SILAR method is the sequential adsorption and reaction of the ions from the 
solutions at the substrate surface. Each immersion step is followed by rinsing to avoid 
homogeneous reaction between the adsorbed solid phase and the solvated ions in the 
solution. The SILAR process presents a simple and inexpensive method to form thin 
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films of water insoluble ionic compounds by heterogeneous chemical reaction between 
adsorbed species of anions and cations at the solid solution interface. 
 
The growth mechanism involves four major steps:  
(i) The immersion of substrate in cationic solution precursor for a particular 
amount of time, which leads to the adsorption of strongly adsorbed ions of the 
desired compound. 
(ii) Rinsing of substrate in the solvent solution for the same amount of time as 
step 1, in order to enable heterogenous reaction between adsorbed anions 
and cations. 
(iii) Subsequent immersion of substrate in the anionic solution, which allows for 
the adsorption of anions followed by its chemical reaction with the cationic 
counterparts. 
(iv) Rinsing of substrate in the solvent solution for the same amount of time as  
the preceding steps. This removes any loosely bound ions adhering to the 
surface of substrate. 
The procedure explained above corresponds to one SILAR cycle. The thickness of film 
formed on the substrate surface can be controlled by variation of SILAR cycles [190]. 
The details of cationic and anionic precursors used, SILAR deposition time and number 




2.3 Analytical Characterization Techniques 
 
2.3.1 Optical absorption 
 
Optical absorption spectra allow for the estimation of the light harvesting characteristics 
of photoelectrodes in ultraviolet (UV) and visible range. Light absorption scans were 
recorded using a Shimadzu UV-2401 UV-Vis diffuse reflectance spectrometer equipped 
with tungsten lamp and shown in Figure 2.3. The scans were recorded over a range of 
250-900 nm. Barium sulfate (BaSO4) was used as the reflectance standard.The 
measurements were carried out with a step size of 1 nm and a slit width of 5 nm. 
 
Figure 2.3 Shimadzu UV-2401 UV-Vis diffuse reflectance spectrometer used to measure optical 
absorption of photoelectrodes 
 
 
2.3.2 Scanning Electron Microscopy and Energy Dispersive X-Ray 
Spectroscopy 
 
The surface morphologies of the sensitized TiO2 NTA films were examined by a Hitachi 
S-4800 scanning electron microscope (SEM) equipped with an Oxford energy dispersive 
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spectrometer (EDS) system shown in Figure 2.4. The top and cross-sectional view of the 
titania nanotubes was captured at various magnifications with electron source operated 
at 3 kV. For EDS analysis, the operating voltage and working distance were set at 20kV 
and 12±1mm, respectively. 
 
Figure 2.4 Hitachi S-4800 scanning electron microscope equipped with an Oxford energy 
dispersive spectrometer systemused to characterize surface morphology and composition 
 
2.3.3 Raman Spectroscopy 
 
Raman spectroscopy of the surface of the photoelectrodes was performed to 
characterize the Raman active components present on the surface films. The Raman 
spectrometer used for this study was a Thermo Scientific DXR equipped with 532 nm 
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laser of 10mW power as shown in Figure 2.5. The beam was focused by a computer 
controlled vertical translation stage from Zaber Technologies. The data was collected 
from a spot diameter of 0.5 um with 32 exposures at an exposure time of 16 seconds.  
 
Figure 2.5 Thermo Scientific DXR Raman Microscope used to characterize the Raman active 
components on the sample surfaces 
 
 
2.3.4 X-Ray Photoelectron Spectroscopy 
 
X-ray photoelectron spectroscopy (XPS) was used to quantify the elemental composition 
of the sample surface. XPS spectra were recorded using a PHI 5600 model X-ray 
photoelectron spectrometer with a monochromatic AlKα (1486.6 eV) excitation source at 
an accelerating voltage of 14kV with 300W of power (shown in Figure 2.6). The 
spectrometer was calibrated to the Ag 3d5/2 line at 368.27±0.05 eV. The XPS spectra 
were recorded at 14kV and 300W, with an analysis area of 800m2. The survey spectra 
were acquired at pass energy of 29.35 eV, and narrow scans were acquired at 23.95 eV. 
Charging effects were corrected using the adventitious C 1s line at 284.6 eV as an 
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internal reference. All peaks were fit using SDP v4.6 Gaussian fitting software from XPS 
International and underwent five point smoothing.  
 
Figure 2.6 Phi 5600 X-Ray Photoelectron Spectrometer used to quantify composition of sample 
surface 
 
2.3.5 Inductively Coupled Plasma Optical Emission Spectrometry 
 
Inductively coupled plasma optical emission spectrometry (ICP-OES) analysis was 
performed using a Perkin Elmer Optima 8000 ICP-OES spectrometer shown in Figure 
2.7. ICP analysis was used to determine the stoichiometry of quantum dots tethered to 
the semiconductor, and to estimate the stability of photoelectrodes under irradiation. To 
analyze the stoichiometry, the films were immersed in an acidic solution of either aqua 
regia or 4 acid reagent to ensure complete dissolution of material. The resulting solution 
was diluted 10 times before analysis.  
45 
 
For stability studies, the aliquots of electrolyte were collected before, at various time 
intervals during, and after the stability test. The collected samples were analyzed by ICP 
to quantify the amount of sensitizer species leached out in the electrolyte during stability 
test. Spectroscopic standards used for calibration were supplied by SCP Scientific. 
 
Figure 2.7 Perkin Elmer Optima 8000 Inductively Coupled Plasma Optical Emission Spectrometer 
 
2.3.6 X-Ray Diffraction 
 
X-Ray Diffraction (XRD) was used to characterize the crystalline phases present on the 
samples. The crystallographic data was obtained by using one of the following 
diffractometers : Rigaku Smartlab 3kW, PANalytical X’Pert Pro, Rigaku Miniflex XRD or 
a Philips 12045 B/3. The details of the instrument used, scan range and step size are 
provided in the section 2.4.  
2.3.7 Photoelectrochemical measurements 
In an electrochemical cell, potential and current serve as the parameters of the analytical 
signals. The three-electrode cell setup is the most common cell setup used for 
electrochemical analysis. This configuration has three electrodes, the working electrode 
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(WE), counter electrode (CE), and reference electrode (RE) immersed in an electrolyte 
solution.  
The working electrode is the material under investigation on which the reaction of 
interest is occurring. The size and shape of the working electrode varies with the 
application. The potential across the electrode/electrolyte interface is controlled with 
respect to the RE. The reference electrode has a fixed electrode potential that is used as 
a reference point for potential control in an electrochemical cell. The important 
requirement is that the  electrode potential of RE is stable;  this is usually obtained by a 
redox system with buffer concentrations of participant species. The counter electrode is 
also known as auxiliary electrode, and is usually made of an inert material such as Pt, 
graphite, or glassy carbon. It is used primarily to balance the reaction occurring at the 
WE. The surface area of the CE must be equal to or greater than the area of the WE, to 
avoid the kinetic limiting factor of the reaction occurring at the electrode-electrolyte 
interface. 
The PEC responses of the samples in this study were measured in a standard three-
electrode configuration as shown in Figure 2.8. The synthesized photoelectrodes served 
as the anode. Coiled platinum wire and a saturated calomel electrode served as cathode 
and reference electrode, respectively. The measurements were conducted under 
ambient conditions in a custom made quartz window cell in an aqueous solution of 0.35 
M Na2SO3 and 0.25 M Na2S as electrolyte. A Gamry® Reference 600 potentiostat was 
used to control the potential and to record the photocurrent generated. A 300 W Xe lamp 
solar simulator supplied by Newport was used to illuminate the photoanodes with 100 
mW/cm2 intensity under standard AM 1.5 (1 sun intensity) illumination. The light intensity 





Figure 2.8 Three electrode set-up used for photoelectrochemical measurements 
 
 
2.4 Experimental and characterization details 
 
2.4.1 Synthesis and characterization of MnxCdySe quantum dots-
sensitized TiO2 nanotube arrays 
 
TiO2 NT arrays were synthesized by anodization of Ti foil in a two-electrode setup as 
described in Section 2.2.1. The cleaned Ti strips (1cm x 2.5cm) were anodized at a 
constant potential of 40V for 1 hr. Anodized films were washed with IPA and annealed at 
450°C under air for 2 hr (at a slow heating rate of 4°C min-1) to obtain desired 
crystallization. 
 
MnxCdySe nanocrystals were deposited on TiO2 NTAs using SILAR technique. The 
precursor solutions were made in ethanol/H2O (50/50 vol) solvent and deposition was 
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conducted under ambient temperature and pressure. The use of ethanol as solvent 
lowers the surface tension which leads to better penetration of solution inside TiO2NTAs. 
One SILAR cycle comprised of immersion of annealed TiO2 NTA film in 0.02M MnCl2 
solution for 45 seconds, followed by rinsing in ethanol/water solvent and subsequent 
immersion in 0.02 M Cd(OAc)2 solution and finally in Na2Se solution (generated in situ by 
the reduction of Se metal with 0.04 M NaBH4) for the same amount of time. The samples 
were prepared for 5, 7, 9 and 12 cycles of deposition and annealed at either 200°C or 
400°C under N2 atmosphere for 1 hour to analyze the effect of post-deposition thermal 
annealing on photoelectrochemical properties of TiO2 NTA.  
 
The crystalline phases were investigated using a Philips 12045 B/3 X-ray diffractometer 
with a Cu target (Kα radiation, λ = 1.54 Ȧ). The diffraction patterns were recorded at 35 
kV and 25 mA in therange 2θ = 20° to 70°. The stoichiometry of films was estimated 
using Perkin Elmer Optima 8000 ICP-OES. 
 
2.4.2 Synthesis and characterization of ZnxCd1-xSe quantum dots-
sensitized TiO2 nanotube arrays 
 
Ti foils of size ~2.5 cm2 were anodized at a constant potential of 30V for 2 hr After 
anodization, the amorphous TiO2films were washed with IPA and annealed at 450°C 
under air for 2 hr to obtain desired crystallization. 
ZnCdSe quantum dots were attached to TiO2 NTAs using SILAR process. The process 
involved subsequent immersions of TiO2 NTA substrate in solutions of 0.02 M Zn2+ 
followed by 0.02M Cd2+ and finally in 0.02 M Na2Se (generated in situ by reducing Se 
metal with 0.04M NaBH4). All solutions were prepared in 1:1 ethanol:H2O solvent. After 
each deposition, the substrate was washed with 1:1 ethanol:H2O solution for the same 
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amount of time to avoid homogenous precipitation in the solution. The three-step dipping 
process comprises one SILAR cycle and was carried out under ambient pressure and 
temperature conditions. The deposition was carried out for 3, 5, 7 and 10 cycles with 1 
minute dipping time per step. To study the effect of thermal treatment, the samples were 
annealed at temperatures of 200°C and 300°C under N2 atmosphere for 1hour.  
The crystallographic interpretations were performed using a PANalytical X’Pert Pro X-ray 
diffractometer with Cu Kα wavelength (λ = 1.54 Ȧ; 45 kV, 40 mA) and scanning in the 2θ 
range from 20° to 80°. Stoichiometry measurements were performed by a Perkin Elmer 
Optima 8000 inductively-coupled plasma optical emission spectrometer. 
 
2.4.3 Synthesis and characterization of CdS0.54Se0.46 quantum dots-
sensitized TiO2 nanotube arrays 
 
The anodization of Ti foil was carried out in an organic electrolyte containing 0.5 wt% 
NH4F at 40 V for 1 hour. After anodization, the films were rinsed with isopropyl alcohol to 
remove any particulates on top of the film. The film was then annealed in air at 450°C for 
2 hours. 
CdSSe nanocrystals were deposited on TiO2 NTAs using the SILAR technique. The 
solvent used for precursor solution was 50/50 vol.% ethanol/H2O and deposition time 
was 1 minute. The deposition was carried out under ambient temperature and pressure 
conditions. The samples were prepared with 5, 7 and 9 cycles of deposition, where one 
SILAR cycle comprised of immersion of annealed TiO2 NTA film in 0.02M Cd(CH3CO2)2 
solution for one minute, followed by rinsing in ethanol/H2O solvent and subsequent 
immersion in 0.02 M Na2S solution, and finally in a Na2Se solution (generated in-situ by 
the reduction of Se metal with 0.04 M NaBH4). The films were then annealed at various 
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temperatures under N2 atmosphere for 1 hour to analyze the variation in 
photoelectrochemical properties of TiO2 NTA with post-synthesis annealing temperature.  
Transmission electron micrographs were recorded using a JEOL analytical field 
emission transmission electron microscope (TEM) model JEM 2100F equipped with 
Oxford energy dispersive spectrometer.The acceleration voltage was set to 200 kV 
during analysis. The crystalline phases were investigated using X-ray diffraction.XRD 
pattern was collected using a Rigaku Miniflex XRD (CuKα = 1.54059 Å) from 2θ = 20 to 
80 degrees with a step size of 0.01 degrees and dwell time of 0.5 degrees/min. The XRD 
data was analyzed using Rigaku PDXL2 analysis software and indexed to standard pdf 
cards. Mott-Schottky (M-S) analysis were conducted using photoanodes sensitized with 
9 cycles of deposition (unannealed film and films annealed at 300°C and 400°C) under 
dark conditions in the aqueous electrolyte of 0.25 M Na2S and 0.35 M Na2SO3. Analysis 
was carried out by polarizing from -0.8 V to -1.2 V (vs. Ag/AgCl) at 1000 Hz and 10 mV 
AC potential. 
2.4.4 Synthesis and characterization of ZnCdSe quantum dots-
sensitized WO3 thin films 
  
Neat WO3 thin films were synthesized by spray deposition onto SnO2:F coated glass. 
The precursor solution (10 mM Ammonium metatungstate) was sprayed onto pre-
heated, ultrasonically cleaned rectangular glass slides through a carrier gas. Films were 
maintained at a distance of 25 cm from the nozzle. The films were sprayed (at a 
pressure of 5 psi) for 5s and dried for 55s. The substrate temperature was maintained at 
250°C throughout the entire process. At this temperature, ammonium metatungstate was 
pyrolytically decomposed into tungsten oxide and was deposited as thin films on the 






                    2W12O41N6H26
250°C
→   24 𝑊𝑂3 +  12𝑁𝐻3 ↑ + 8𝐻2𝑂 ↑ +𝑂2 ↑                       (2.1) 
The deposited films were observed to be uniform and well adherent to the substrate. 
 These films were annealed at 550°C for 2 hours under oxygen atmosphere.  After 
annealing, films acquired characteristic yellow color of stoichiometric WO3. The films 
were sprayed for various number of WO3cycles, however, the films with 150 spray cycles 
was found to be optimum. Therefore, the WO3(150) films were used further for 
sensitization. 
WO3 films were coated with TiO2 buffer layer prior to ZnCdSe sensitization. This step is 
expected to result in better charge separation and reduced charge recombination in the 
hybrid system, as the conduction band (CB) edge of TiO2 lies above than that of WO3 
[205, 206]. The procedure involved immersion of annealed WO3 films into 40 mM 
aqueous TiCl4 solution in a closed vessel at 70°C for 2 hours. Then, the films were 
rinsed thoroughly with ethanol and then annealed in air at 450°C for 2 hours [205]. 
ZnCdSe nanocrystals were deposited onto TiO2 coated WO3 thin film using the SILAR 
technique. Sensitization with ZnCdSe quantum dots offers two-fold advantage, the lower 
band gap of ZnCdSe allows it to absorb more energy and the higher energy conduction 
band edge of ZnCdSe (compared to TiO2) results in a better charge transfer from 
sensitizer to the substrate. The solvent used for precursor solution was 50/50 vol.% 
ethanol/H2O and deposition time was 1 minute. The samples were prepared with 6, 9, 12 
and 15 cycles of deposition, where one SILAR cycle comprised of immersion of 
annealed WO3 film in 0.02M Zn(NO3)2 solution for one minute, followed by rinsing in 
ethanol/H2O solvent and subsequent immersion in 0.02 M Cd(CH3CO2)2 solution, and 
finally in a Na2Se solution (generated in-situ by the reduction of Se metal with 0.04 M 
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NaBH4). The films were then annealed at 400°C under N2 atmosphere for 1 hour. The 
prepared films were then used as working electrodes for the PEC measurements. 
 
X-ray diffraction patterns of the electrodes were recorded using a Rigaku Smartlab 3kW 
X-ray diffractometer using Cu Kα wavelength (λ = 1.541 Å; 40 kV, 44 mA). The 
measurements were recorded in the 2θrange from 20° to 60° in Parallel Beam (PB) 
mode, with a scan speed of 1°/min and step width of 0.06°. The PEC responses of the 
samples were measured in a conventional three-electrode system with ZnCdSe-
sensitized WO3 films (surface area of 1 cm2) as the working electrodes, coiled platinum 
wire as counter electrode, Ag/AgCl as reference electrode and an aqueous solution 
containing 0.35 M Na2SO3 and 0.25 M Na2S as electrolyte. The measurements were 
conducted under ambient conditions in a custom-made quartz window cell with a 
Gamry® Reference 600 potentiostat. 
 
2.4.5 Synthesis and characterization of Ni-doped CuWO4 thin films 
CuWO4 thin films were synthesized by spray deposition onto SnO2:F coated glass. The 
rectangular glass slides were subjected to three successive ultrasonic cleaning steps 
with water, ethanol and acetone, each for 20 minutes. The precursor solution was 
prepared by dissolving equimolar quantities of Cu and W (10 mM each) in a mixture of 
1:1 water and ethanol. The required amount of ammonium metatungstate was first 
dissolved in water. To this solution, 1 ml HCl was added before the subsequent addition 
of 10mM copper acetate and ethanol. For doped solutions (8.33 and 12.5%), the 
required amount of nickel chloride was added to the precursor solution. The precursor 
solution thus obtained was sprayed onto pre-heated glass slides through N2 as carrier 
gas. Films were maintained at a distance of 25 cm from the nozzle. The films were 
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sprayed (at a pressure of 3 psi) for 5s and dried for 55s to ensure complete evaporation 
of solvent and pyrolysis of sprayed material on the film. The substrate temperature was 
maintained at 250°C throughout the entire process. The deposited films were observed 
to be uniform and well adherent to the substrate.  These films were annealed at 550°C 
for 2 hours under oxygen atmosphere.  After annealing, films acquired characteristic 
yellow color of stoichiometric WO3. The films were sprayed for various number of WO3 
cycles, however, the films with 15 spray cycles was found to be optimum.  
 
X-ray diffraction patterns of the electrodes were recorded using a Rigaku Smartlab 3kW 
X-ray diffractometer using Cu Kα wavelength (λ = 1.541 Ȧ; 40 kV, 44 mA). The 
measurements were recorded in the 2θ range from 20° to 60° in PB mode, with a scan 
speed of 1°/min and step width of 0.06°. The amount of Ni incorporated inside the 
CuWO4 matrix has been estimated using ICP analysis performed by a Perkin Elmer 













Chapter 3  
The advent of Density Functional Theory 
 
Density functional theory (DFT) is a popular and versatile method available to investigate 
the electronic structure of many-body systems in condensed-matter physics. DFT is a 
quantum mechanical theory that relies on determination of the properties of a many-
electron system using functionals. A functional is defined as a function of another 
function, hence the name density functional theory derives from the use of functionals of 
the electron density.  
DFT is based on the idea that any physical property of a many-body system can be 
expressed as a functional of spatially dependent electron density. The electron density 
n(r) is a scalar function in the cartesian space (3 degrees of freedom) [207]. This scalar 
function contains all the information of the many-body wave function (3N degrees of 
freedom) for the ground state as well the excited states. The determination of this 
function is independent of the total number of electrons and total degree of freedom is 3 
even for the large systems. The estimation of wave function on the other hand, becomes 
quite complicated for large systems as the degrees of freedom for N-electron system is 
3N. Therefore, use of n instead of ψ as the basic parameter makes electronic structure 
computations much faster. 
DFT has been a popular tool for electronic calculations in condensed-matter physics 
since 1970s. However, the quantum calculations were considered accurate enough until 
several approximations were applied to refine the modeling of exchange and correlation 
interactions in the 1990s. Since then, DFT has become the primary method used for 
electronic structure calculations in condensed matter physics.  
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 Due to the complexity of condensed matter systems, it is very difficult to predict the 
electronic structure accurately. Thus, an ab-initio approach is necessary to solve the 
problem. This approach starts from what we know about all condensed matter systems - 
they constitute of large number of atoms. These atoms in turn are comprised of 
positively charged nucleus and negatively charged electrons, and the interaction 
between atoms is determined by the interaction of their constituent electrons and nuclei. 
The whole concept of physics of condensed matter systems arise from these basic 
interactions. In other words, ab-initio approach relies purely upon basic principles without 
additional assumptions or special models, and approximations.  
3.1 Molecular Hamiltonian 
The behavior of the interacting particles (electrons and nuclei) is governed by basic 
quantum mechanics. The Schrödinger wave equation is used to study a system 
consisting of atoms or molecules.  
                                                                                                       (3.1) 
Here, Ĥ is the Hamiltonian of the electrons system, ψ is the many-body electrons wave 
function, and E is the energy associated with operator [208]. The many-body 
Hamiltonian has the following form: 
                                       
R)(r,V+(r)V+(R)V+(R)T+(r)T=H eNeeNNNe
ˆˆˆˆˆˆ
                            
(3.2) 
In the above Hamiltonian, the first two terms 
eT̂  and NT̂ represent the kinetic energies of 
the electrons and nuclei respectively, and subsequent terms 
NNV̂ , eeV̂ and eNV̂ , describe 
) , ( ) , ( ˆ R r E R r H    
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the inter-nuclear, electron-electron and electron-nuclear Coulomb interaction energies 
respectively [209]. Writing them explicitly, 

























      
(3.3) 
Here i and j are the indices used for electrons; A and B are the indices used for nuclei. 
Using the atomic units allows for the terms: ħ, e, me and 4πεoare 






























                                                                                                                                    (3.4) 
It is quite challenging to solve the Schrödinger wave equation analytically even for 
simple molecules (say H2+ which consists of just three particles). To make this problem 
more tractable, a variety of approximations are considered as discussed below. 
3.2 Approximations for solving many body problem 
 
3.2.1   Born-Oppenheimer Approximation 
As nucleusis about 2000 times heavier than the electron, these are 
expected to respond almost instantaneously to motion of the atomic nuclei and achieve 
the electronic ground state. Born and Oppenheimer argued that nuclei can be treated as 
static and the motion of the electrons and the nuclei can therefore be decoupled (Born-
Oppenheimer approximation) [210]. With this approximation, the electronic degrees of 
freedom can be separated from those of the nuclei and the atomic positions R can be 
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treated as external parameters in the electronic Hamiltonian. With the decoupling of the 
electronic and nuclei degrees, the total wave function in equation (3.1) can be expressed 
as the product of two wave functions, one for the electronic part and other for nuclear 
part, as given below: 
                                                          
                                          (3.5) 
Here, R)(r,ψe  and (R)ψN  are separate wavefunctions for the nuclei and electrons 
respectively, with R and r encompassing all the respective degrees of freedom for the 
nuclei and electrons. By using equation (3.5) in equation (3.1) we get, 
                                                       
(R)R)ψ(r,Eψ=(R)R)ψ(r,ψH NeNe
ˆ                                 (3.6) 
The corresponding Schrödinger equation is,  
                  
   (R)R)ψ(r,Eψ=(R)R)ψ(r,ψ(R)V+(R)T+(r)V+R)(r,V+(r)T NeNeNNNeeeNe ˆˆˆˆˆ  (3.7) 
As the mass of nuclei is very large compared to the mass of electron, the terms 
depicting the motion of nucleus can be neglected and equation (3.7) reduces to, 
                                                 
  R)(r,ε(r)ψ=R)(r,ψV+V+T eeeNeee ˆˆˆ                                 (3.8) 
The eigen function representing electronic motion R)(r,ψe  is a function of both position 
of electron (r) and position of nucleus (R), and is denoted as (r)ψe  or just ψ(r) . Thus, 
equation (3.8) can thus be represented as,  
(R) R) ψ (r, ψ = R) ψ(r, N e 
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  ε(r)ψ(r)=ψ(r)V+V+T eNeee ˆˆˆ                                           (3.9) 
3.2.2   Hartree Approximation and Self-consistency 
The Born-Oppenheimer approximation discussed above reduced the complexity of 
Schrödinger wave equation to some extent. But the electronic Schrödinger wave 
equation is still very complex due to electron-electron interactions. To reduce its 
complexity further, Hartree made an approximation known as the Hartree-Approximation 
[211, 212]. This approximation introducedthe idea of self-consistency between the 
charge density and the effective potential. According to this approximation, the electrons 
are independent, and interact only via the mean-field coulomb potential (due to all other 
electrons). This is equivalent to representing the total wave function as a product of 
individual wave functions. 
From Born-Oppenheimer Approximation we obtained the Schrödinger equation as, 
                                               
  ε(r)ψ(r)=ψ(r)V+V+T eNeee ˆˆˆ                                           (3.9) 
According to the Hartree Approximation, the many-electron wave function ψ(r) is the 
product of single-electron wave functions, that is, 
                                         
)(rψ)(r)ψ(rψ=)rrψ(r NN2211N21 ............,.....,                        (3.10) 
This is known as the Hartree Product. The electrostatic potential or the Hartree potential, 
HV  due to the electronic charge density ρ(r) is expressed by Poisson’s equation, 






                                                 (3.11)                                                                    
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The effective potential felt by each independent electron is then, 
                                                              
(r)V(r)V(r)V NHeff                                          
(3.12)                                                                        
where, (r)VN  is the electrostatic nuclear potential, 









04                                         
(3.13)                                                                        
and ieZ  is the charge on the ith nucleus and iR  is its position. The Schrödinger equation 
for the jth independent electron is, 
                                             




                               
(3.14) 
This equation is known as the Hartree Equation. As this equation is solved, the eigen 
states are populated with electrons. A new charge density is then calculated from the 
occupied states as follows,  




                                       
(3.15)                                                                        
The wave functions )(rj are being defined by an effective potential in equation (3.14) 
which is a functional of the charge density through equation (3.11), which in turn is 
defined by the wavefunctions in equation (3.15). This is called a self-consistent field 






3.2.3   Hartree-Fock Approximation 
 
The Hartree Approximation, as discussed above [211, 212] fails to satisfy the anti-
symmetry principle (also known as Pauli’s Exclusion Principle) [213]. As the wave 
function of a set of identical fermions (electrons) is anti-symmetric, it must change sign 
under interchange of any two species [214]. The Hartree-Fock approach is therefore a 
modification of the Hartree theory. It considers the fact that the single – electron wave 
functions are anti-symmetric. Therefore, the many-electron wave function is much more 
complicated than the product of single-electron wave functions (as explained by Hartee 
approximation), and must be written in the form of a Slater determinant [208]. 
                                      
                               (3.16) 
The Slater determinant shown above is helpful in calculating the exchange term acting 
between electrons of same spin, represented by equation (3.17) 
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The Hartree-Fock equations take into account exchange correctly; however, the 
equations neglect more exhaustive correlations due to many-body interactions. The 
need for a computationally practicable scheme that successfully deals with the effects of 
both exchange and correlation led us to consider the conceptually simple and effective 
density functional theory. 
3.3 Density Functional Theory (DFT) 
 
In the Hartree-Fock method, the approximate value of antisymmetric many-electron 
wave function is expressed by single Slater determinant. However, the exact form of 
wave function cannot be obtained in form of a single determinant as it does not take into 
account the Coulomb Correlation. This leads to an electronic energy which is quite 
different from the exact solution. The Hartree-Fock energy is always above the exact 
energy of the Schrödinger equation [211]. Thisenergy difference is termed as the 
Correlation Energy, a term coined by Löwdin [215]. To overcome this problem, a new 
approach ‘Density Functional Theory’ was adopted for the electronic structure 
calculations. This theory provides approximate solutions to both Exchange and 
Correlation energies. 
 
3.3.1 Hohenberg-Kohn Formulation of DFT 
 
In 1964, Pierre Hohenberg and Walter Kohn gave a formulation of DFT, and proposed 
two theorems known as HK theorems [198, 216]. DFT is based primarily on these two 
theorems:  
Theorem 1 For any system, an external potential Vext(r) and hence the total energy, 
can be determined uniquely by the electron density n(r). 
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SinceVext(r) defines the Hamiltonian, which in turn determines 
eigenvalues and eigenfunctions, as a consequence (with all the previous theorems) all 
the physical properties of the system can be determined by the density n(r). 
Theorem 2 For a particular Vext(r), the ground state energy(minimum of total energy)can 
be defined in terms of the exact ground state density n(r). 
The energy functional can be expressed in terms of electron density n(r) as, 
                                             
     (n)F+(r)drn(r)V=nE=n(r)E HKext                               (3.19) 
Where, (n)FHK is a universal functional known as the Universal Hohenberg Kohn 
Functional. It does not depend on the external potential, since it consists of a classical 
constant. This reduces the complex problem of finding the solution of a many-body 
Schrödinger equation to that of finding a 3-dimensional function n(r) which minimizes the 
energy functional E[n], but this remains difficult to solve as the exact expression of F[n] 
is unknown. Moreover, the relation between the charge density and all the other 
properties is not straightforward and their derivation is thus not trivial. 
 
3.3.2   Kohn-Sham Formulation of DFT 
 
Later in 1965, W. Kohn and L.J. Sham (KS) reformulated the problem with a more 
practical approach [197]. In this formalism, a set of equations were derived to replace 
the kinetic energy of the interacting electrons with equivalent energy of non-interacting 
system, which can be easily calculated. The Hohenberg-Kohn theorem and Kohn –
Sham equations form the basis of modern DFT calculations. The KS theory describes 
the formulation of electron density and its correlation to molecular energies, as shown in 




                                             
         nEnEnE+nT=nE xcextH                                      (3.20) 
 T : Kinetic energy of the system 
HE : Electrostatic energy or Hartree energy 
extE  : External energy 
xcE : Exchange-correlation energy 
Each energy term is a functional (function of function) of n, the electron density, which 
inturn is a function of the positional coordinates (x, y and z). The challenge now remains 
in the determination of each of these functionals. The first three energy terms can be 
estimated using ab-initio or semi-empirical methods. The key functional is that of the 
exchange-correlation potential, which describes the total energy of electrons as a 
functional of their density. However, it is not analytically known. 
Minimizing the energy in equation (3.20) subject to the constraint of charge conservation 
[217], 
                                                                 
Ndrr  )(                                                 (3.21) 
This method relies on the hypothesis that an external potential KSV can be found, such 
that the single particle solutions can be defined in terms of Hamiltonian KSH , 

















                       
(3.23) 
KSH  is related to the functional derivative of energy: 






                                        (3.24) 
The Schrödinger equation thus takes the form, 











                               
(3.25) 
For a system of non-interacting electrons, the ground state electron density is 
represented as a sum over wavefunctions (r)ψi : 
                                                              
                                (3.26)   
The problem now is to determine (r)VKS for a given n(r). In general the terms, (r)VH  and 
(r)Vxc  depend upon n(r), which depends on )(rψ i , which in turns depend on KSV . 
Therefore, K-S equation is solved in self consistent way. We start with an initial guess for 
n(r), based on that KSV is calculated and K-S equation is solved for )(rψi . From this, new 
density is calculated until convergence is reached.  
 
While the Kohn-Sham equations provides a good description of ground state physical 
properties, the functional form of ][nExc  
is not known. Therefore for practical 
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considered. Examples of such approximations are LDA and GGA, which permit the 




The approximations used in literature can be split into two broad categories:  
3.3.3.1 Local Density-Approximation (LDA) 
 
The most widely used approximation is the one where the density functional is 
considered only at the point of evaluation and is termed as local-density approximation 
(LDA) [218]: 
                                                        




                                     (3.27) 
The LDA gives very accurate results for systems where charge densities vary slowly but 
is more applicable to homogeneous systems. 
3.3.3.2 Generalized gradient approximation (GGA) 
 
Since the LDA determines the local density at a particular coordinate, it fails in the 
situations where the density changes rapidly. The modified form of this approach 
connsiders the gradient of the electron density as well at the same coordinate. 
Therefore, it is known as Generalized Gradient Approximation (GGA)and the exchange-
correlation energy can be written as [219]:  
                                          




                                        (3.28) 
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Results obtained for molecular geometries and ground state energies using this 
approximation are very reliable. 
3.4 Basis set and Plane wave basis set 
A basis set is a group of functions, and are called basis functions. These functions are 
assembled in linear combinations to form molecular orbitals. Quantum chemical 
calculations are generally performed with the help of a finite set of basis functions [220]. 
Plane-wave basis sets can also be employed in quantum-chemical computing coupled 
with the localized basis sets. A finite number of plane-wave functions are generally used, 
which means only plane waves that have kinetic energy below a specific cut-off energy 
(chosen for a particular calculation) are included. One of the problems associated with 
use of plane–wave basis sets is the discontinuous variation in number of plane waves 
with the cut off energy [220]. Such intricacy can be overcome using dense k-point sets. 
For practical applications, plane-wave basis sets are used in combination with 
pseudopotential or effective core potential, such that the basis set represent the valence 
charge density only. It is rather difficult to describe large wavefunction and density 
gradients due to core electrons using a plane-wave basis set unless a very high energy 
cutoff is used. This approach of a plane-wave basis set coupled with pseudo-potential is 
commonly known as PSPW calculation. 
3.5 Pseudopotential 
The pseudopotential approach was first introduced in 1934 by Hans Hellmann. It relies 
on the idea of replacing the complex effects of core electrons motion with a fictitious 
potential (pseudopotential). The resultant Schrödinger equation comprises of a modified 
effective potential term instead of the general columbic potential term used for core 
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electrons. The basis of this theory is that the core electrons are localized around an 
atomic nucleus and their properties do not change significantly with the change in 
chemical environment of the atom. Therefore, such electrons can be considered as 
‘frozen electrons’; and thus, their effect on the columbic potential term can be neglected 
[221]. Use of pseudopotential reduces the number of Kohn-Sham orbitals to be 
computed which in turn reduces the computational cost [222].  
 
Figure 3.1 Comparison of a real wavefunction (blue curve) to the one in the pseudopotential(red 
curve). The real and the pseudo wavefunction and potentials have same form after a certain 
cutoff radius, rc 
The form of the pseudo-wave function has been represented in Figure 3.1 for clarity 
[223]. As depicted, the coulomb potential is replaced with a much smoother pseudo-
wave function within a sphere of critical radius rc which replaces all-electron wave 
functions [224]. However, the pseudopoential wave function should coincide with the 
true wave function smoothly at rc and be identical to it beyond that point. 
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3.5.1 Norm-conserving Pseudopotentials 
Pseudopotentials generated by calculations on atoms or atom-like states are termed as 
ab-initio since they are not fitted to the experimental values. The norm-conserving 
pseudofunctions are normalized and are selected to reproduce the valence properties of 
an N-electron calculations [221, 225]. The concept of norm-conservation makes them 
more accurate and transferable.  
3.5.2 Vanderbilt Ultrasoft Pseudopotentials 
Major goal of pseudopotential is to create pseudo-functions as smooth as possible, and 
yet accurate. To circumvent this problem, Vanderbilt introduced another class of 
pseudopotentials in which the norm-conserving requirement has been relaxed [226]. 
Instead of representing the full valence wave function by plane waves, only a portion of 
the wavefunction is considered. The resultant pseudopotentials (Ultrasoft 
pseudopotentials) have larger cut-off radius and are more rapidly convergent. But on the 
other hand, ultrasoft pseudopotentials are less transferable and less accurate. 
3.6 K-point sampling 
Electronic states are specified with a certain set of k points allowed within the boundary 
conditions applicable to the bulk material [227]. The density of allowed k points is 
proportional to the volume of the material, and therefore each k point is occupied by a 
finite number of electronic states. The complication of infinite number of electronic states 
calculation is reduced by the Bloch theorem to a finite number of wave functions within 
the specified volume. Application of this method allows for the description of the 
electronic wave functions over a region of k space, and thus the determination of the 
total energy of the solid by computing the wave functions at special k points within the 
Brillouin zone [220, 227, 228]. 
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Chapter 4  
Results and Discussions 




Pseudobinary semiconductor alloys (ABxC1-x) scaled to nanometer regime as sensitizer 
materials have been relatively less exploited and might offer more suitable conditions for 
the application of inorganic semiconductor quantum dot sensitizers in the development 
of stable solar cells. Fast charge transfer from the quantum dot semiconductors to the 
neighboring large bandgap semiconductor materials is crucial to subdue the 
photocorrosion phenomenon that is generally observed in quantum dot sensitized 
semiconductors. One dimensional (1D) nanostructured materials (as TiO2 nanotubes) 
offer direct and efficient pathway for the photogenerated charge carriers [229-231]. 
Therefore, the presence of one dimensional nanostructured semiconductors along with 
quantum dot sensitizers would be an efficient approach to overcome the charge 
transport issues. Considering the potential, it is important to exploit and investigate the 
photoelectrochemical performance and durability characteristics of new pseudobinary 
semiconductor quantum dots as sensitizer for one-dimensional nanostructured large 
band gap semiconductors. For the first time, the photovoltaic performance of the 
MnxCdySe sensitized TiO2 NTAs has been investigated. The MnxCdySe sensitized TiO2 
NTAs were synthesized using SILAR technique and the effect of varying number of 




4.1.2 Results and discussion 
The experimental procedure for the synthesis of MnCdSe-sensitized TiO2 nanotube 
arrays has been discussed in Section 2.4.1. 
4.1.2.1 Optical absorption study 
Figure 4.1 shows the absorption spectra of TiO2 NTAs and MnxCdySe/TiO2 NTAs 
heterostructures over the spectral range of 250-900 nm. Figures 4.1a-d depict the 
absorption spectra of MnxCdySe/TiO2 NTA(n) film annealed at various temperatures, 
where n indicates the number of deposition cycles. Pristine TiO2 NTA film exhibited a 
fundamental absorption edge around 380 nm corresponding to inter-band charge 
transfer [232, 233]. 
 
Figure 4.1 Absorption spectra of pure nanocrytalline TiO2 NTA film, and the films sensitized with 
(a) TiO2 NTA/MnxCdySe (5); (b) TiO2 NTA/MnxCdySe (7); (c) TiO2 NTA/MnxCdySe (9); (d) TiO2 
NTA/MnxCdySe (11) at annealing temperatures of 200°C and 400°C, respectively. Absorption 
edge was found to undergo red shift with increase in number of deposition cycles(Abbreviations: 
UA - unannealed film, TNTA - unsensitized TiO2 nanotube arrays). 
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In addition, a broad absorption profile in the visible region can be noted around 480 nm 
which is a characteristic of oxygen –deficiency of the film [234]. Another reason might be 
the surface plasmon resonance arising from Ti nanoparticles trapped within the 
nanotubes during anodization process. With incorporation of MnxCdySe, two key 
observations were noted. First, the absorption was improved significantly in the visible 
region and second, an upward shift (towards longer wavelength) in the absorption edge 
position was noticed. As the number of deposition cycles increase from 5 to 11, 
enhanced particle loading resulted into more pronounced absorption in the visible 
region. With annealing at 200°C under nitrogen atmosphere, absorption improved in 
visible region and the absorption edge experienced red shift compared to as-deposited 
sample. With increase in annealing temperature to 400°C, absorption intensity 
decreased but the absorption edge was further shifted towards longer wavelength in all 
cases. This indicates that inclusion of MnxCdySe nanocrystals within the TiO2 NTA 
framework leads to a more effective utilization of solar spectrum through sensitization 
effect. 
 
To determine the fundamental gap of the composite and to identify its nature, Tauc 
equation was employed, which can be given as [235, 236], 
                                                   (αhν)n = A(hν – Eg)                                              (4.1) 
where, α is the absorption coefficient, A is the constant, and n indicates indirect (n = ½) 
or direct (n = 2) band gap material. The band gap energy (Eg) is determined using optical 
absorption coefficient (α) from the experimental absorbance. Band gap (Eg) values are 
obtained by extrapolation of the linear region of the curve to the abscissa (α = 0).  Figure 
4.2 shows the Tauc plots, i.e. variation of (αhν)2 versus photon energy (hν) for 
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TiO2/MnxCdySe composite film with various number of deposition cycles annealed at 
400°C. A better fit was obtained with n=2 for the composite films indicating that the 
deposited MnxCdySe nanocrystals have direct band gap. The calculated band gap 
values for 5, 7, 9 and 11 cycles of deposition are 3.22, 3.19, 3.27 and 3.36 eV, 
respectively. 
 
Figure 4.2 Tauc plots of MnxCdySe/TiO2 films formed using 5, 7, 9 and 11 SILAR cycles and 
annealed at 400°C 
 
4.1.2.2 XRD diffraction 
 
The crystal structure of TiO2 NTAs before and after modification with MnxCdySe was 
confirmed using XRD analysis. The diffracton pattern of pristine TiO2 NTA film has been 
depicted in Figure 4.3a. The pattern shows prominent peaks corresponding to anatase 
TiO2 phase (JCPDS File No. 00-021-1272) and Ti metal foil substrate (JCPDS File No. 
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00-044-1294). The XRD patterns of the annealed MnxCdySe /TiO2 NTA films were 
compared with pattern of as-deposited (unannealed) MnxCdySe /TiO2 NTA and shown in 
Figure 4.3b.  
 
Figure 4.3(a) Pristine TiO2 NTAs and (b) stacked XRD pattern of TiO2 NTA/MnxCdySe(9) 
unannealed and samples annealed at 200°C and 400°C. The patterns reveal that CdSe phase 
appears after annealing.The absence of peak due to Mn indicates low concentration of Mn 
 
The signal from unannealed sample is similar to pristine TiO2 NTA film. However, after 
thermal annealing under nitrogen atmosphere, additional peaks corresponding to CdSe 
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phase start appearing. It is apparent that before thermal treatment, Mn, Cd and Se 
species were adsorbed physically on the surface of the film and sensitized quantum dots 
manifest into crystalline CdSe phase only upon annealing. Another important 
observation is the enhancement in the intensity of peaks corresponding to CdSe phase 
with increase in annealing temperature. It implies that the crystalline nature of the film is 
improved with annealing temperature. No significant change is observed for CdSe phase 
upon incorporation of Mn in MnxCdySe crystallites.The absence of any signal due to Mn 
in MnxCdySe crystal lattice indicates the low dopant concentration of Mn or the presence 
of Mn below the detection limit. These results are in agreement with the studies 
conducted on ZnxCd1-xSe-sensitized TiO2 NTAs (discussed in section 4.2) where low 
concentrations of Zn dopant were not observed in XRD [117].  
 
4.1.2.3 Microscopic analysis 
 
The morphology of the pristine TiO2 NTAs has been shown in Figure 4.4a. The image 
illustrates the formation of tubular morphology with diameter and length in the ranges of 
80 nm and 5-6 μm, respectively. The formation of the TiO2 with nanotubular morphology 
is attributable to the electrolyte-assisted dissolution and oxidation of the Ti films during 
anodization followed annealing process [237]. As observed in case of sensitized films 
(Figures 4.4b-f), the size of MnxCdySe clusters vary greatly with number of deposition 
cycles and annealing temperature. As demonstrated by images4.4b-d, with increase in 
number of deposition cycles from 5 to 9, the coverage of nanocrystals on nanotube 
surface was increased. In case of unannealed sample (Figure 4.4e), tiny nanoparticles 
were found distributed at the mouth of nanotubes. After annealing (Figures 4.4b-d, f), the 





Figure 4.4 Scanning electron microscopy images (top view) of (a) unmodified TiO2 NTAs, (b) TiO2 
NTA/MnxCdySe(5)-400°C, (c) TiO2 NTA/MnxCdySe(7)-400°C, (d) TiO2 NTA/MnxCdySe(9)-400°C, 
(e) TiO2 NTA/MnxCdySe(9)-unannealed, and (f) TiO2 NTA/MnxCdySe(9)-200°C. The images 
depict that the MnxCdySe nanocrystals are uniformly attached to surface of TiO2 NTAs. 
 
Further, the cross-sectional SEM images (Figure 4.5) depict that the MnxCdySe 






Figure 4.5 Cross-sectional view of (a) unsensitized TiO2 NTAs and (b) sensitized TiO2 
NTA/MnxCdySe (9) film. The sensitized sample was subjected to thermal treatment under 
nitrogen atmosphere at 400°C for 1 hour. MnxCdySe deposits are clearly visible on the walls 
 
4.1.2.4 XPS Analysis 
 
The chemistry of the MnCdSe quantum dots adhered to TiO2 NTAs was confirmed to be 
MnxCdySe by compositional XPS analysis of sensitized TiO2 film. Figure 4.6 shows the 
spectra of the Cd 3d, Se 3d and Mn 2p species on the surface of MnxCdySe/TiO2 NTA 
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film. Sharp photoelectron peaks appear at binding energies of 404.7 eV (Cd 3d5/2) and 
411.5 eV (Cd 3d3/2) for Cd 3d spectrum (Figure 4.6a). The binding energy values, 
separation energy and degeneracy of states corresponds to formation of CdSe 
bond[238]. 
 
Figure 4.6 X-ray photoelectron spectra for the TiO2 NTA/MnxCdySe composite film showing (a) Cd 
3d peak (b) Se 3d peak and (c) Mn 2p peak. The compositional analysis confirms the tethering of 
Cd2+, Se2- and Mn2+ species on the surface of the sensitized film. 
 
The signal due to Se 3d presented a well-defined doublet associated with spin-orbit 
interaction (Figure 4.6b). The two components obtained at 53.5 eV and 54.3 eV with a 
separation of 0.8 eV corresponds to Se2- species associated with CdSe crystal. Canava 
et al. studied the effect of chemical treatments on the Se 3d signal and demonstrated 
that the shift between the two components of Se 3d peak is highly sensitive to the 
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chemical preparation techniques. Moreover, depending upon the chemical treatment of 
sample, shift assigned to the second component of Se 3d can vary upto 1.5 eV [239]. In 
a previous study by the authors on ZnxCd1-xSe, this shift was observed to be 0.9 eV 
[117]. The core-level spectrum of Mn 2p peak is shown in Figure 3.6c. High noise level 
obtained for the signal indicates the nominal doping concentration of Mn. The Mn 2p 
spectrum exhibited two peaks at ∼641.8 eV and at ∼640.7 eV for Mn 2p3/2 indicating the 
existence of Mn2+ species in MnxCdySe crystals, as peaks for metallic Mn and Mn4+ ion 
are located at 637.7 eV and 642.4 eV, respectively as demonstrated by Lin et al. [240]. 
4.1.2.5 ICP-OES analysis 
 
The stoichiometry analysis of MnxCdySe nanocrystals deposited on the sensitized TiO2 
NTA film was estimated using ICP-OES analysis and the results obtained are tabulated 
in Table 4.1. As observed from stoichiometry calculations, Mn atoms substitute around 
10% of Cd atoms in CdSe lattice structure. 
Table 4.1 Summarized photocurrent values from i-V analysis of TiO2 NTA/MnxCdySe films 
synthesized with varied number of deposition cycles and annealing temperature. 
Ions Conc (ppm) Stoichiometry 
Cd2+ 76.59 0.95 
Se2- 56.48 1.00 
Mn2+ 3.75 0.095 
 
 
Such low concentration of Mn (with x = 0.1) is in agreement with XRD results andthe 
stoichiometry results obtained for ZnxCd1-xSe quantum dots (discussed in section 4.2) 




4.1.2.6 Photoelectrochemical measurements 
 
The dependence of photocurrent on applied potential for MnxCdySe-sensitized TiO2 NTA 
films in Na2S and Na2SO3 electrolyte is shown in Figure 4.7 and the values have been 
summarized in Table 4.2. Sulfide ions in Na2S act as hole scavenger as discussed by 
Kamat et al. in 2011 [241]. Na2SO3 reduces the disulfide species to sulfide again [242]. 
The photocurrent density achieved for pristine TiO2 NTA film was ∼1.39 mA/cm2 under 
one sun illumination. The current density obtained was 2.24 mA/cm2, for as-deposited 
film sensitized with 5 cycles, which increased to 4.67 mA/cm2, for film with 7 deposition 
cycles (Figures 4.7a-b). This observation is in agreement with SEM results which 
depicted increased crystal loading with increasing number of deposition cycles.  
 
Figure 4.7 i-V characteristics of sensitized films as working electrodes measured under 100 
mW/cm2 intensity (AM 1.5 global filter) (a) TiO2 NTA/MnxCdySe (5) (b) TiO2 NTA/MnxCdySe (7), 
(c) TiO2 NTA/MnxCdySe (9) and (b) TiO2 NTA/MnxCdySe (11). A 5-fold increase in photocurrent 




With more sensitizer loading (upto 9 cycles), no significant variation in current density 
(4.42 mA/cm2) was noticed (Figure 4.7c). However, higher loading of 11 (Figure 4.7d) 
and 12 cycles (not shown here) led to a decrease in the observed photocurrent.These 
aggregated MnxCdySe nanocrystals in turn act as recombination centers for 
photoinduced electron-hole pairs rendering them less effective as sensitizers [243-245]. 
Also, increased loading leads to blockage of nanotubes pores resulting into poor 
electrolyte penetration. Thus, variation in number of deposition cycles was found to have 
a profound effect on the current density. Thermal treatment under nitrogen atmosphere, 
also found to alter the photoresponse of the films under illumination. MnxCdySe /TiO2 
NTA samples prepared through 5, 7 and 9 SILAR deposition cycles followed by  
annealing at 200°C, exhibited noticeable enhancement in photocurrent density 
compared to as-deposited film (see Table 4.2).  
 
Table 4.2 Summarized photocurrent values from i-V analysis of TiO2 NTA/MnxCdySe films 




No. of deposition cycles 
TiO2 
NTA/MnxCdySe 
 5 cycles 7 cycles 9 cycles 11 cycles 
 UA 2.23 4.65 4.42 3.27 
 200°C 5.22 6.11 6.66 4.47 
 400°C 6.36 6.90 8.79 6.17 
 
In addition, increasing the annealing temperature from 200°C to 400°C resulted in a 
further increase in the current density in all cases (Figures 4.7a-d). These results are in 
accordance with XRD analysis since with increase in annealing temperature, the films 
become more crystalline in nature. However, the films were no longer stable at 
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temperatures more than 400°C (data not shown). Therefore, 9 cycles of SILAR 
deposition followed by annealing at a temperature of 400°C under N2 atmosphere 
provides the optimum set of conditions to obtain the highest photocurrent density for 
MnxCdySe-sensitized TiO2 NTAs. The higher photoresponse generated by sensitized 
films is attributable to the greater charge collection efficiency of the composite film, 
facilitated by fast electron injection of excited electrons from conduction band (CB) of 
MnxCdySe to CB of TiO2. More importantly, better charge conduction and photocurrent 
density can be attributed to the presence of Mn species (even at such low concentration) 
since for CdSe/TiO2 NTA film synthesized under similar conditions, the current 
generated was found lower than MnxCdySe/TiO2 NTA film (Figure 4.8).  
 
Figure 4.8 i-V characteristics of TiO2 NTA/CdSe (9)-400°C and TiO2 NTA/MnxCdySe (9)-400°C 
films measured under 100 mW/cm2 intensity (AM 1.5 global filter) 
 
The photocurrent values obtained in the present study are higher compared to other 
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sensitized-TiO2 photoelectrodes investigatedearlier [242, 246-249]. The increase in 
photocurrent density with sensitization highlights the fact that MnxCdySe helps effectively 
harvest a greater part of the solar spectrum. It should be noted that although the 
photocurrent values for films prepared from repeated set of experiments may vary by a 
factor of ±10% due to variation in experimental conditions, the trend remains the same. 
The photocurrent on-off cycles recorded in rapid sequence (every 5 sec) with respect 
to zero external bias are shown in Figure 4.9. 
 
Figure 4.9 i-t characteristics of sensitized films as working electrodes measured under 100 
mW/cm2 intensity (AM 1.5 global filter) (a) TiO2 NTA/MnxCdySe (5) (b) TiO2 NTA/MnxCdySe (7), 
(c) TiO2 NTA/MnxCdySe (9) and (d) TiO2 NTA/MnxCdySe (11). The figure shows that the current 
density increases instantaneously upon illumination confirming stability of photoanodes 
 
Photoresponses recorded under intermittent light illumination indicates that the current 
thus produced is due to illumination, and the responses are stable as well as 
reproducible. An instantaneous rise in the photocurrent when light source was turned on 
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and a prompt recovery to original value once the illumination was turned off was 
observed. It demonstrates the minimal mass transport at the electrode-electrolyte 
interface. It also illustrates the corrosion resistance of photoanode under visible light 
illumination [243]. The abrupt response of the film to illumination demonstrates that the 
photoactivity of MnxCdySe/TiO2 NTA photoanode is stable and reproducible. 
Long term i-t study showed that the photocurrent decreased by 92.5% after 2 hours and 
by 13.1% after about 24 hours (Figure 4.10). 
 
 
Figure 4.10 Long term i-t analysis curve obtained for TiO2 NTA/MnCdSe(9)-400°C film
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The innate ability of alloy nanocrystals to exhibit varied physical and optical properties of 
the bulk semiconductor based on the size and composition offer the possibility of their 
use as efficient photosensitizers with wide band gap semiconductors (e.g. TiO2 and 
ZnO) as scaffold in photovoltaic (PV) systems.Compared with other sensitizers, 
semiconductor quantum dots (QDs) have promising properties as photosensitizers which 
include tunable band gap[250], multiple exciton generation [251] and high absorption 
coefficient [252]. Synthesis of binary and ternary quantum dots with varied structural, 
compositional and photophysical properties and their use as potential photosensitizer 
materials for wide band gap semiconductors has been the subject of recent reports [179, 
192, 194, 253-258]. A common strategy is the ex-situ approach, which employs the use 
of linker molecules to bind pre-synthesized quantum dots to TiO2 [179, 254]. Another 
approach includes in-situ deposition of quantum dots by the use of chemical bath 
deposition (CBD) [256, 259] or SILAR techniques [253, 260, 261]. 
In 2009, Lee et al. reported a CdS/CdSe co-sensitized TiO2 photoelectrode and it 
exhibited an efficiency of 4.22% under 1 sun illumination [253]. Later, Santra and Kamat 
[255] synthesized a liquid junction Mn-doped CdS/CdSe QD solar cell that demonstrated 
an efficiency of 5%. In another report, Shanmugam et al. demonstrated the synthesis of 
heterojunction ITO/TiO2/CdSe/ML-GO/Pt solar cell with photoconversion efficiency of 
4.1% [257]. Sauvage and co-workers electrodeposited CdSe onto TiO2 and the resulting 
material was found to have a power conversion efficiency of 0.8% [262]. Mukherjee et 
al.studied the effect of surface treatment on the photoelectrochemical properties of 
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CdSe-sensitized TiO2 nanotubes and found that treatment with TiCl4 resulted in 7.4% 
increase in photovoltage [263]. Recently, Song et al. prepared a TiO2/CdSe/ZnS 
photoanode and a power conversion efficiency of 2.72% was observed [264]. 
 
ZnxCd1-xSe semiconductor alloy exhibits a bandgap of 1.6-2.7 eV depending upon the 
composition [265, 266], suggesting that its coupling with wide band gap semiconductors, 
such as TiO2 would allow increased absorption in both the UV and visible light regions of 
the solar spectrum, thus allowing better light harvesting, and resulting in higher efficiency 
photo electrodes. In 2011, Li et al. studied the ZnxCd1-xSe-ZnO core-shell nanostructures 
for photoelectrochemical hydrogen generation that was found to produce photocurrent 
density of ~5.6 mA/cm2 under 1 sun illumination [267]. Myung et al. fabricated  ZnO–
ZnxCd1−xSe core–shell nanowire arrays on ITO substratesby chemical vapor 
transport method and found that the shell with x = 0.2–0.3 resulted in the highest 
photoconversion efficiency [268].Recently, the authors demonstrated the viability of 
ZnxCd1-xSe QDs to positively affect the photoelectrochemical properties of TiO2 NTAs 
and the long-term stability of such ZnxCd1-xSe QD sensitized TiO2 NTAs [269]. While the 
present work was in progress, emboldening data were reported by Yang et al. showing 
phenomenologically that ZnxCd1-xSe QDs prepared through ion-exchange route also 
markedly enhances the performance of particulate TiO2 photoelectrode, although 
analysis of effect of SILAR deposited ZnxCd1-xSe QDs on TiO2 NTAs was not the focus 
of that study [270]. To the best of our knowledge, there has been no report on fabrication 
of ZnxCd1-xSe-sensititized TiO2 NTA photoanodes by SILAR process. Moreover, the 
number of deposition cycles and post-deposition annealing temperature were found to 
have a pronounced impact on the photoelectrochemical response of TiO2 NTAs, which 
has not been investigated before. In the continuation of our previous work, the present 
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study evaluates the effect of interfacing TiO2 NTAs photoanodes with ZnxCd1−xSe 
sensitization using SILAR method. In this study, ZnCdSe was deposited on to anodized 
titania using SILAR method and the PEC performance of the resulting electrodes was 
evaluated. The surface chemistry of the electrodes was studied using surface analytical 
techniques. The stability of the electrodes was characterized using both surface analysis 
and solution analysis. 
4.2.2 Results and Discussions 
The experimental procedure for the synthesis of ZnCdSe-sensitized TiO2 nanotube 
arrays has been discussed in Section 2.4.2. 
4.2.2.1 Optical absorption study 
 
The absorption spectra of ZnxCd1-xSe sensitized TiO2 NTAs prepared through 3,5,7 and 
10 SILAR cycles followed by annealing at various temperatures is presented along with 
the absorption profile of unsensitized TiO2 NTAs in Figure 4.11. The spectra are denoted 
TiO2 NTA/ZnxCd1-xSe(3), TiO2 NTA/ZnxCd1-xSe(5), TiO2 NTA/ZnxCd1-xSe(7), and TiO2 
NTA/ZnxCd1-xSe (10), where the number in the parenthesis indicates the number of 
cycles of sensitization, and are shown in Figures 4.11a, b, c and d, respectively. The 
spectra reveal that the pure TiO2 NTA film absorbs mostly in the UV region (𝝀< 400 nm) 
which corresponds to its intrinsic band gap of 3.2 eV. The absorption peak below 400 
nm is mainly due to the charge transfer from valence band of oxide anions (formed 
mainly by 2p orbitals) to the conduction band of Ti4+ cations (formed mainly by 3dt2g 
orbitals) [232, 233]. A broad absorption shoulder observed around 500nm can be 
ascribed to the oxygen-deficiency in the film [234]. After sensitization, the optical 
absorption is found to extend into the visible region and the absorption egde is shifted 
towards longer wavelength. The red shift is more pronounced with the increase in the 
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number of SILAR cycles, due to an increase in the thickness of the deposited layer. This 
can be attributed to the size quantization effect, as described elsewhere [271]. 
 
Figure 4.11 Absorption spectra of unsensitized nanocrytalline TiO2 NTA film, and TiO2 NTA films 
sensitized with ZnxCd1-xSe for (a) 3 cycles (b) 5 cycles (c) 7 cycles, and (d) 10 cycles at different 
annealing temperatures. Absorption edge was found to undergo red shift with increase in number 
of deposition cycles(Abbreviations : TNTs - TiO2 nanotube arrays, UA - unaanealed film) 
 
Moreover, the thermal treatment under N2 flow tends to introduce shift in band edge 
towards longer wavelength in all cases (absorption onset for the film annealed at 200°C 
in Figure 4.11d occurs at approximately 750 nm). This indicates the high absorption 
coefficient of ZnxCd1-xSe quantum dots attached to TiO2 NTAs which is extended to 
almost the whole visible region. UV-Vis absorption spectra of films with different 
deposition cycles and annealed at 300°C are shown in the Figure 4.12. However, with 
loading higher than 7 cycles of deposition (10 cycles), a decline in overall absorption 
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was observed, which can be attributed to the aggregation of ZnxCd1-xSe nanocrystals. 
The agglomerated nanocrystallites results in decreased photocurrent and hence are less 
effective as a sensitizer. Similar results has been reported by Gao et al. [244] and Feng 
et al. [245] in case of CdTe-modified TiO2 nanotube arrays. Therefore, further studies 
were limited to 3, 5 and 7 cycles of deposition.  
 
Figure 4.12 Absorption spectra of unsensitized and sensitized TiO2 NTA film with different 
deposition cycles annealed at 300oC 
 
4.2.2.2 XRD diffraction 
 
Small angle X-ray diffraction (SAXRD) pattern of modified and unmodified TiO2 NTAs is 
shown in Figure 4.13. The diffraction pattern of unmodified TiO2 NTAs exhibited peaks 
corresponding to that of anatase phase of TiO2 (JCPDS Card No. 00-021-1272, peaks 
labelled as ‘A’) along with the diffraction peaks of Ti foil (JCPDS Card No. 44-1294, 
peaks labelled as ‘T’). Figure 4.13b shows the XRD pattern of TiO2 NTA/ZnxCd1-xSe(7) 
films before and after thermal annealing at 200°C and 300°C, respectively. The XRD 
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patterns reveal that signals from as-deposited sample matches well with that of the pure 
TiO2 (anatase phase).  
 
 
Figure 4.13 X-ray diffraction patterns of (a) undoped TiO2 NTAs and stacked patterns of (b) TiO2 
NTA/ZnxCd1-xSe(7) unannealed sample and sample annealed at 200°C and 300°C respectively. 
The patterns reveal that CdSe phase appears with annealing. 
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In comparison, XRD patterns after thermal treatment under N2 indicates the presence of 
additional distinct signals at 2θ values of 25.4o, 42.4o and 49.7o, which can be identified 
as (111), (220) and (311) planes of Cadmium Selenide (JCPDS card no. 19-0191). 
However, the strongest peak for CdSe (111) lane (at 25.4o) is difficult to identify as it 
coincides with (101) peak of anatase TiO2. This indicates that the SILAR deposition 
results only in the physical adsorption of Cd and Se adatoms on the surface of TiO2 
NTAs, which manifests into a more crystalline structure upon heat treatment in 
nitrogen.It can be noted further that with increase in annealing temperature, the 
crystalline nature of quantum dots has been improved. The absence of Zn in the XRD 
patterns can be attributed to the fact that the Zn is present in very nominal 
concentrations, as discussed later. 
4.2.2.3 Microscopic analysis 
 
Figure 4.14 and 4.15 depict the representative SEM images of TiO2 NTA/ZnxCd1-xSe 
composite films before and after thermal treatment under nitrogen atmosphere. Figure 
4.15 shows lateral representative images of as-deposited TiO2 NTA/ZnxCd1-xSe film 
(Figure 4.15a) and film after annealing (Figure 4.15b). Figure 4.14a shows typical image 
of as-deposited (unannealed) TiO2 NTA/ZnxCd1-xSe composite film, depicting the highly 
oriented framework of nanotubes with diameter of 70-80 nm and a wall thickness of 
approximately 10 nm. A histogram depicting the diameter of nanotubes is shown in 
Figure 4.16. The cross-section image (Figure 4.15a) reveals that NTAs are of 2-3μm in 
length and are densely packed together, depicting an ordered array of nanotubular 
structure. These vertically oriented NTAs not only provide large surface area for the 
deposition of QDs but also well-defined channels for efficient charge transport. 
Representative images of films sensitized with 5 and 7 cycles of SILAR deposition and 
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annealed under nitrogen atmosphere are provided in Figures 4.14b-d, respectively. It is 
observed that in case of as-deposited film, the fine nanoparticles are strewn all over the 
rim as well as inside of the NTAs.  
 
Figure 4.14 Scanning electron microscopy images (top view) of (a) TiO2 with as-deposited 
ZnxCd1-xSe(5), (b,c,) TiO2 NTA/ZnxCd1-xSe(5)-annealed, (d) TiO2 NTA/ ZnxCd1-xSe (7)-annealed. 
Images show that NTAs are uniform and ZnxCd1-xSe are attached to surface of TiO2 
 
The particles were fused together and resulted into an array of particles on TiO2 NTAs 
upon annealing. These fused particles are present predominantly along the mouth of the 
walls (Figures 4.14b-d). Increasing the number of SILAR deposition cycles of ZnxCd1-xSe 
on TiO2 NTAs resulted in partial blocking of NTAs opening due to the dense particle 
loading. Figures 4.15a and b indicate that after sensitization followed by annealing 
process, the side walls of the TiO2 NTAs become rough and possess fine particles 
scattered over the surface. Figures 4.15a and b also reveal the evidence of fine deposits 
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of ZnxCd1-xSe nanocrystals on the inner walls of the nanotubes. This is expected since 
the inner walls provide less resistance to mass transfer. 
 
Figure 4.15 Scanning electron microscopy images of the cross-section of sensitized TiO2 
NTA/ZnxCd1-xSe film (a) Unannealed film (b) Film annealed under nitrogen atmosphere.ZnxCd1-
xSe can be seen deposited on walls 
 
 





The energy dispersive spectrum of the sensitized TiO2 NTAs film was recorded and is 
presented in the Figure 4.17. The peaks obtained indicate the presence of Zn, Cd and 
Se on the surface of TiO2. 
 
Figure 4.17 Energy dispersive spectrum of ZnxCd1-xSe-sensitized TiO2 NTAs. Peaks obtained 
indicate the presence of species Zn, Cd and Se. 
 
4.2.2.4 ICP-OES analysis 
 
The sensitized film was dipped in concentrated aqua regia (1:3 HNO3:HCl) solution 
which was further diluted to 10% (in water) before analysis. The stoichiometry of ZnxCd1-
xSe deposit was determined using ICP-OES. The obtained results and stoichiometry 
calculations are summarized in Table 4.3. The low concentration of Zn is evident from 
the low value of x (about 0.16), which is in accordance with the other observed results. 
Theatomic ratio of Zn:Cd was also analyzed as a function of number of deposition 
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cycles. The ratio was found to be similar for all the films. The values for films with 3, 5 
and 7 cycles of deposition was found to be 5.13±0.05, 5.15±0 and 5.10±0, respectively. 
 
Table 4.3 Stoichiometry calculations of ZnxCd1-xSe -sensitized TiO2 NTA photoanodes based on 
results from ICP-OES analysis 
Ions Conc (ppm) Stoichiometry 
Cd2+ 169 0.84±0.02 
Se2- 147 1.00 
Zn2+ 17 0.16±0.02 
 
 
4.2.2.5 XPS analysis 
 
To examine the chemical composition of the films, the XPS spectra of ZnxCd1-xSe films 
deposited onto TiO2 NTAs were recorded and are provided in Figure 4.18. The figures 
exhibit the detailed core-level scans of Cd 3d, Zn 2p and Se 3d regions. The spin-orbit 
doublet at 411.8 and 405.0 eV (with a separation of 6.8 eV) correspond to Cd3d3/2 and 
Cd3d5/2 peaks, respectively (Figure 4.18a). The obtained values indicates the presence 
of Cd-Se bond [238] since the peaks are shifted towards higher binding energy values 
compared to metallic Cd 3d peaks (3d3/2 – 411.6 eV, 3d5/2 – 404.8 eV).  
The Se 3d peak presented in Figure 4.18b, appears in a well-defined doublet associated 
with spin-orbit coupling. B. Canava et al. presented a detailed study of Se 3d suggesting 
that the shift between the two components associated with Se 3d5/2 (main and second 
contribution) varies with the preparation technique of samples [239]. The binding energy 
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values obtained for Se 3d5/2 core level at 53.8 and 54.7 eV (separation of 0.9 eV) are in 
well accordance with the values reported for CdSe monocrystal. 
The core-level spectra of Zn 2p is presented in Figure 4.18c. The Zn 2p peak splits into 
a doublet of 2p3/2 and 2p1/2 with a separation of 23.1 eV. The two peaks observed at 
binding energy values of 1021.7 and 1044.8 eV can be assigned to 2p3/2 and 2p1/2 
peaks, respectively. The observed peaks can be attributed to presence of Zn atoms as 
Zn2+ on the surface of material [272, 273]. Thus, Zn atoms might replace some of the Cd 
atoms in the CdSe structure and form Zn-Se bond.  
 
 
Figure 4.18 X-ray photoelectron spectra for TiO2 NTA/ZnxCd1-xSe composite film showing (a) Cd 
3d peak (b) Se 3d peak and (c) Zn 2p peak. The spectra indicate the presence of Cd2+, Zn2+ and 
Se2- on the surface of sensitized film 
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4.2.2.6 Raman analysis 
 
Raman spectra of TiO2 NT/ZnxCd1-xSe(7)-300oC is shown below (Figure 4.19). The 
Raman features at 148, 414, 515 and 632 cm-1 correspond to TiO2 nanotubes. An 
additional feature was observed at 206 cm-1 for the composite film. The peak in question 
can be attributed to CdSe with another dopant [274]. This data indicates the formation of 
ZnxCd1-xSe alloy.   
 
Figure 4.19 Raman spectra for the composite film TiO2 NT/ZnxCd1-xSe(7)-300oC 
 
Further, as secondary confirmation, Raman features for  Zn(NO3)2.6H2O (at 390 cm-1) 
[275]  and ZnO were (437 and 574 cm-1) [276] were not observed. Since the starting 
material, Zn(NO3)2.6H2O, and the only other possibility, ZnO were not found, the only 
explanation for Zn2+ seen in XPS is its presence in ZnxCd1-xSe. 
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4.2.2.7 Photoelectrochemical Measurements 
 
Figure 4.20 shows the current-voltage (i-V) characteristics of various TiO2 NTAs 
measured in 0.25 M Na2S and 0.35M Na2SO3 electrolyte under a constant illumination of 
100mW/cm2. The advantage of using a mixture of 0.25 M Na2S and 0.35M 
Na2SO3aqueous solution as electrolyte lies in the fact that Na2S in solution acts as a 
hole scavenger and prevents the photocorrosion of CdSe by oxidizing into S22-. Na2SO3 
added to Na2S results in the reduction of disulfides back to sulfides,  
                                                 2S22- + SO32-   S2-+S2O3 2-                                    (4.2) 
which has been shown to significantly increase the amount of hydrogen production at 
cathode [242]. Moreover, cadmium chalcogenides has higher stability and photocurrent 
in polysulfide redox electrolyte system than I-/I3- redox system [277],[278].  
Unmodified TiO2 NTAs produce a photocurrent of ~0.4 mA/cm2, due to limited absorption 
of visible light. Several key observations can be noted by performing a comparative 
analysis of i-V curves of ZnxCd1-xSe-sensitized TiO2 NTAs formed with various cycles of 
deposition and thermal annealing temperature. First, for a particular set of deposition 
cycle, the thermal treatment under nitrogen atmosphere resulted in an increase of 
photocurrent. The photocurrent density of TiO2 NTA/ZnxCd1-xSe(3) is enhanced to 3.9 
mA/cm2 (39% increase) and 7.9 mA/cm2 (182% increase) after annealing at 200oC and 
300oC, respectively compared to the unannealed TiO2 NTA/ZnxCd1-xSe(3) films (2.8 
mA/cm2) (Figure 4.20a). The photocurrent values obtained from i-V and i-t analysis have 
been summarized in the Table 4.4 and 4.5, respectively. 
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No. of deposition cycles 
TiO2 NTA/ZnxCd1-xSe  3 cycles 5 cycles 7 cycles 
 UA 2.77 5.23 4.74 
 200°C 3.88 7.21 7.52 
 300°C 7.62 11.48 12.71 
 




No. of deposition cycles 
TiO2 NTA/ZnxCd1-xSe  3 cycles 5 cycles 7 cycles 
 UA 1.99 5.02 4.96 
 200°C 3.49 6.52 7.84 
 300°C 6.70 12.02 12.04 
 
Similar influence of annealing temperature on the photocurrent density enhancement is 
also observed for TiO2 NTA/ZnxCd1-xSe(5) and TiO2 NTA/ZnxCd1-xSe(7) films (Figures 
4.20b and 4.20c). This can be attributed to increased particle size of nanocrystals with 
annealing (as observed in Figures 4.14 and 4.15) and enhanced crystallinity of quantum 
dots as explained earlier in XRD results. Improved crystalline nature results in better 
light-harvesting ability and efficient charge transport [279, 280]. 
Moreover, the open circuit potential was found to undergo anodic shift with increase in 
post deposition annealing temperature. The change in onset potential demonstrates a 
shift of Fermi level to a more negative potential with increasing annealing temperatures 
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[255],[243]. The shift in Fermi level can be ascribed to electron accumulation in the 
composite film leading to improved charge separation between TiO2 and sensitizer, and 
thus, enhanced photocurrent [281]. Annealing the samples further at 400°C under N2 
atmosphere was not found to be effective as the films produced lower photocurrent 
densities compared to that of 300°C annealed films (not represented here).Further, with 
the increase in the number of SILAR cycles from 3 to 5, the photocurrent densities 
ofTiO2NTA/ZnxCd1-xSe (5)  films that were annealed at 300°C increased significantly and 
reached 11.48 mA/cm2 (Figure 4.20b).  
 
 
Figure 4.20 i-V characteristics of various ZnxCd1-xSe-sensitized working electrodes measured 
under 100 mW/cm2 intensity (AM 1.5 global filter) (a) TiO2 NTA/ ZnxCd1-xSe (3) (b) TiO2 NTA/ 




This enhancement can be envisioned as a result of increased light absorption with 
increased ZnxCd1-xSe loading in the visible light range, as indicated in Figure 4.11. 
However, with further increase in SILAR cycles (from 5 to 7 cycles), there is only a slight 
increase in the photoresponse (12.70 mA/cm2 for 7 cycles of deposition). The possible 
reasons for this observation might be the agglomeration of nanocrystals and partial 
blocking of nanotube openings by quantum dots, which can limit the charge transport 
through them [244, 277]. It should be noted that the repeated photocurrent values from 
samples prepared from different batches, may vary by a factor of ±10% due to variation 
in experimental conditions, however the trend remains same. 
 
Figure 4.21 i-V characteristics of various CdSe-sensitized working electrodes measured under 
100 mW/cm2 intensity (AM 1.5 global filter) (a) TiO2 NTA-CdSe(3) (b) TiO2 NTA-CdSe(5) and (c) 
TiO2 NTA-CdSe(7). Current density is seen to be much lower than those seen for ZnxCd1-xSe 
sensitized films shown in Figure 4.20 
101 
 
The increased photocurrent in case of sensitized films might be attributed to smaller 
recombination and effective charge transfer of photo-induced carriers at the TiO2-ZnxCd1-
xSe interface since the conduction band of the sensitizer lies above that of TiO2. Similar 
result has been reported by Yang et al. in 2013 [270]. More importantly, the efficient 
interfacial charge transfer between ZnxCd1-xSe sensitizer and TiO2 can be ascribed to 
the presence of Zn doping. To support this hypothesis, a study was conducted with 
CdSe loading only (with the same precursor solutions for the same deposition time) and 
the films were annealed at 300°C under N2 atmosphere. The i-V measurements were 
conducted for as-deposited films with 3, 5 and 7 cycles of deposition and films annealed 
at 300°C (Figure 4.21). The current recorded in each case was found to be much lower 
than the respective ZnxCd1-xSe loading on TiO2 NTAs. The results obtained indicate that 
Zn doping has a significant role in enhancing the photoresponse of sensitized films. 
 
The photoresponse of TiO2 NTA/ZnxCd1-xSe films under discontinuous illumination are 
shown in Figure 4.22. The measurements were carried out at 0V Vs SCE and indicate 
the reproducibility and stability of the photoresponse [282]. All the samples show an 
abrupt change in current upon illumination. The current retracts back to its original value 
rapidly once the light source is turned off. The trend is repeated with 5 sec on-off cycles 
and indicates that the anodes are stable under photoillumination for 75 sec. The 
reproducibility and stable photoresponse can be attributed to the formation of a coherent 
ZnxCd1-xSe-TiO2 interface that allows efficient electron transport from ZnxCd1-xSe into the 
TiO2 nanotubes. The photoelectrochemical responses obtained in our study are higher 
than the values reported previously for various sensitized-TiO2 photoelectrodes [193, 
194, 245, 248, 258],[243],[242],[283]. Also, the results obtained in this study are in 





Figure 4.22  i-t characteristics of various ZnxCd1-xSe-sensitized working electrodes measured 
under 100 mW/cm2 intensity (AM 1.5 global filter) (a) TiO2 NTA/ZnxCd1-xSe (3) (b) TiO2 
NTA/ZnxCd1-xSe (5) and (c) TiO2 NTA/ZnxCd1-xSe (7). The figure shows that the material is stable 
and current density increases rapidly upon illumination. 
 
 
Long term I-t study showed that the photocurrent decreased by 53.88% after 2 hours 




Figure 4.23 Long term I-t analysis curve obtained for TiO2 NTA/ZnCdSe(7)-300°C film 
 
 
To confirm the chemical stability of the photoelectrode, XPS was used to analyze the 
surface of the film before and after I-t analysis. All the sensitized species (Zn, Cd and 
Se) were found to be intact on the surface of the film after stability test. To further 
confirm that ZnxCd1-xSe was not converted to ZnxCd1-xS, a core-level scan was carried 
out (Figure 4.24) in the low binding energy region (10-20 eV) to confirm the absence of 





Peak label Species BE (eV) FWHM 
A Cd 4d 10.4 1.0 
 
Figure 4.24 XPS spectra of TiO2 NTA/ZnCdSe(7)-300°C film after long term i-t analysis. The peak 
shown here is due to Cd 4d 
 
Though not optimal, only the 5s peak of the S could be used due to interference from 
Se/Cd at all other binding energy levels. Even at this level Cd 4d (~10eV) is close but 
does not directly interfere in analysis of S 5s peak. S 5s peak is absent in the sample 
proving that S did not replace Se.The presence of S 5s in CdS was demonstrated (as a 






Peak label Species BE (eV) FWHM 
A Cd 4d 11.8 1.0 
B S 5s 15.5 1.1 
 
Figure 4.25 XPS data for Standard CdS (peak at lower binding energy corresponds to Cd 4d). 
Spectrum is not charge corrected 
 
The electronic properties of sensitized and unsensitized TiO2 NTA films were determined 
using the Mott–Schottky (MS) method. The measurements were performed at a 
frequency of 100 Hz, with the potential scan range from 0.5 to -1 V (Vs SCE) under 
illumination. Mott–Schottky technique is based on a well-established theory of 
semiconductor-electrolyte interface [284-286], which exploits the linearity in 1/C2 Vs V 
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curves to determine charge carrier density (NA) and flat-band potential (EFB) using 
equations (4.4) and (4.3).  






 (𝐸 − 𝐸𝐹𝐵 −
𝑘𝐵𝑇
𝑒
)                                     (4.3) 
                                                         𝑁𝐴 =
2
eεεom
                                                    (4.4) 
where C is the capacitance, e is the elementary electronic charge, εo is the permittivity in 
vacuum, ε is the dielectric constant (8 for CdSe [287] and 86 for TiO2 [284]), E is the 
applied potential, k is the Boltzmann constant, T is the temperature, and m is the slope 
of the linear portion (the potential range within which the material behaves as capacitors) 
of 1/C2 vs E plots (depicted in Figure 4.26).  
The charge carrier densities were calculated to be 2.24x1020, 2.35x1020 cm-3 and 
2.77x1020 for TiO2 NTA/ZnxCd1-xSe(3),  TiO2 NTA/ZnxCd1-xSe(3) and TiO2 NTA/ZnxCd1-
xSe(7) composite films, respectively. The increase in charge carrier density (NA) with 
increase in number of deposition cycles indicates more effective charge separation, 
which leads to the increased lifetime of photogenerated electron-hole pairs. The 
increased lifetime of charge carrier accounts for the enhanced photoelectrochemical 
performance of TiO2 NTA/ZnxCd1-xSe(7) composite film. 
 
Band gap of ternary alloy can be calculated based on quadratic equation [288, 289], 
 
                      𝐸𝑔(𝑍𝑛𝑥𝐶𝑑1−𝑥𝑆𝑒) = 𝑥𝐸𝑔(𝑍𝑛𝑆𝑒) + (1 − 𝑥)𝐸𝑔(𝐶𝑑𝑆𝑒) − 𝑏𝑥(1 − 𝑥)              (4.5) 
 
where, 𝐸𝑔(𝑍𝑛𝑆𝑒) and 𝐸𝑔(𝐶𝑑𝑆𝑒) are the bulk gap of ZnSe (2.7 eV) and CdSe (1.74 eV), 
respectively. The constant b (0.67 eV for ZnxCd1-xSe) is referred as bowing parameter, 
107 
 
which arises from various structural and electronic factors and alters the band structure, 
as described previously [290, 291]. Substituting the value of x (0.14) as estimated by 
ICP-OES analysis, the calculated value for  𝐸𝑔(𝑍𝑛𝑥𝐶𝑑1−𝑥𝑆𝑒) is 1.79 eV. 
 
 
Figure 4.26 Mott-Schottky plot of the sensitized TiO2 NTA films with different cycles of deposition 
under illuminated conditions in 0.25 M Na2S + 0.35 M Na2SO3. Films were polarized from 0.5 V to 
-1 V at 100 Hz 
 
Schematic of the hypothesized model for electron transport from ZnxCd1-xSe QDs to 
TiO2 is presented in Figure 4.27. An energetically favorable transfer of electrons occurs 
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Figure 4.27 Schematic representation of photoinduced charge transfer in TiO2-ZnxCd1-xSe 






















The most widely studied photoanode materials are oxide semiconductors, particularly 
TiO2, since it is stable under visible light illumination. Until recently, the sensitization of 
TiO2 with semiconductor QDs has been investigated mainly with titania nanoparticulate 
films. Such films, however, suffer from structural disorders due to grain boundaries, 
which impede the charge separation efficiency and charge transport through the 
material. These drawbacks render TiO2 particulate films less efficient as photoanodes 
while, TiO2 nanotubes arrays with their unique properties, offer improved charge transfer 
characteristics. Titania nanotube arrays have advantages over particulate films such as, 
cheap and facile fabrication technique, high surface area to volume ratio, tunable 
dimensions (pore size and tube length), and the 1D architecture furnishes less impeded 
pathways for electron transfer and transport [230, 249]. 
As sensitizers, cadmium chalcogenide (CdX, X = S, Se or Te) QDs have attracted 
considerable attention in QDSSC research over the last few years [292-303]. It has been 
noted that CdX absorb photons efficiently because these have a bulk material band gap 
above 1.3 eV; band gaps for CdS, CdSe and CdTe are 2.25 eV, 1.73 eV, and 1.49 eV, 
respectively. By altering the size of the QDs, the band gap can be tuned further to match 
a desired band gap range. While considerable studies have been conducted on co-
sensitization of TiO2 with CdS and CdSe [303-313], only few studies can be found on 
CdSSe/TiO2 NTA heterostructure [314-316]. Chong et al. studied CdSSe quantum dots 
attached to TiO2 nanobelts synthesized by hydrothermal routeand found remarkable 
enhancement in photocurrent with good reproducibility for sensitized samples [314]. Luo 
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et al. synthesized photoelectrodes with nanorods of CdS, CdSe, and CdSeS deposited 
onto TiO2 nanorod arrays and found that the TiO2/CdSeS heterostructure was the most 
stable [315]. Park et al. demonstrated the fabrication of regular arrays of TiO2 nanotubes 
anchored with ZnS/CdSSe/CdS quantum dots by the SILAR method, which exhibited a 
power conversion efficiency of 4.67% in a QDSSC configuration [316]. 
The current section presents a simple, yet efficient, route for the synthesis of TiO2 NTA 
heterostructure in conjunction with quantum sized CdSSe clusters. A balance between 
energetics and kinetics of the system has been realized by means of alignment of the 
conduction band edges, where, the conduction band of CdSSe lies above the CB of 
TiO2. The morphology and crystallinity of the CdSSe layer was characterized and 
correlated with photoelectrochemical activity. 
4.3.2 Results and Discussions 
The experimental procedure for the synthesis of CdSSe-sensitized TiO2 nanotube arrays 
has been discussed in Section 2.4.3. 
4.3.2.1 Optical absorption study 
 
The UV-visible light absorbance properties of TiO2 NTA/CdSSe(n) photoanodes are 
depicted in Figure 4.28. The effect of the number of deposition layers (n =5, 7 and 9 
cycles) and post-synthesis annealing temperature (200°C, 300°C and 400°C) on the 
optical performance of the modified electrodes was studied and compared with 
unsensitized TiO2 NTAs. 
Plain TiO2 NTA film shows an absorption edge at 380 nm, corresponding to the bandgap 
of the anatase phase of titania [244, 317]. An additional feature (broad peak) appearing 
around ~480 nm, is mainly due to trapped charge carriers within nanotubes [318, 319].  
Transient absorption studies showed that the trapped holes absorb at wavelengths of 
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430 nm or shorter while trapped electrons show a prominent absorption peak around 
650 nm. Superposition of spectra from trapped electrons and holes may be responsible 
for absorption at wavelengths around 480 nm [319].  After coupling with CdSSe QDs, the 
high absorption of CdSSe nanoclusters in the visible region overlaps the response due 
to TiO2 and instead a broad response with absorption onset around 650 nm (for 5 cycles 
of deposition) was observed. With increasing deposition cycles (to 7 and 9 cycles), the 
absorption onset was observed to red-shift due to the size quantization effect. Annealing 
under N2 atmosphere also tends to affect the optical performance of films. 
 
Figure 4.28 Absorption spectra of pure nanocrytalline TiO2 NTA film, and the films sensitized with 
(a) TiO2 NTA/CdSSe(5); (b) TiO2 NTA/CdSSe(7); (c) TiO2 NTA/CdSSe(9); at annealing 
temperatures of 300°C and 400°C, respectively. Absorption edge was found to undergored shift 
with increase in number of deposition cycles. 
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With annealing at 300°C, the absorption intensity increased and absorption edge 
experienced red-shift. Moreover, with annealing at higher temperatures (400°C), the 
absorption onset further shifted to longer wavelengths in all cases, but the absorption 
intensity decreased for films with 9 deposition cycles, possibly due to the aggregation of 
nanocrystals. This improved visible light absorption of the composite films might be 
attributed to the band gap range of CdSSe QDs (1.6 to 2.2 eV), and demonstrates the 
possibility of improved photoactivity of the TiO2 NTA/CdSSe hybrid photoanode. 
4.3.2.2 XRD diffraction 
 
The XRD profiles (Figure 4.29) display the morphology of TiO2NTA/CdSSe (9) film 
before and after thermal annealing (at 400°C) under N2 atmosphere. The XRD diffraction 
profile of as-deposited TiO2 NTA/CdSSe(9) electrode reveals the diffraction patterns 
similar to the anodized film and peaks can be indexed for underlying Ti metal (JCPDS 
file no.: 01-089-5009) and TiO2 anatase phase (JCPDS file no.: 01-073-1764) layer 
grown on the top. These peaks are labeled as '1' and '2' for Ti substrate and anatase 
TiO2, respectively. However, after thermal annealing under N2, the film shows the 
presence of additional diffraction peaks, which can be attributed to CdS0.54Se0.46 phase 
(JCPDS file no.: 01-089-3682), labeled as '3', shifted to a lower angle (lower 2θ value). 
According to Bragg’s law, such downshift of peak position indicates an increase in lattice 
parameter [320, 321]. These results demonstrate the formation of CdSxSe1-x alloy with a 
particular stoichiometry of x= 0.54. Another interesting observation is that the alloy 
formed only after annealing, since there are no peaks corresponding to CdSSe phase in 
unannealed films. This indicates that the species are only physically adsorbed during 





Figure 4.29 Stacked XRD patterns of (a) TiO2 NTA/CdSSe(9) unannealed sample, and (b) 
sample annealed at 400°C. The patterns reveal that CdS0.54Se0.46 phase appears after annealing. 
 
4.3.2.3 Microscopic analysis 
 
Figures 4.30 and 4.31 depict the surface and cross-sectional images to highlight the 
morphological change of the TiO2 nanotube array films before and after CdSSe 
deposition. Figure 4.30a shows the formation of regularly arranged nanotubes grown 




Figure 4.30 Scanning electron microscopy images (top view) of (a) TiO2 NTA/CdSSe (7)-400°C, 
(b) TiO2 NTA/CdSSe(9)-UA, (c) TiO2 NTA/CdSSe(9)-300°C and (d) TiO2 NTA/CdSSe(9)-400°C. 
The images depict that the CdSSe nanocrystals are uniformly attached to surface of TiO2 NTA 
 
From the SEM images, the wall thickness and mean inner pore diameter were estimated 
to be approximately 20 nm and 70 nm, respectively. The open structure of the 
nanotubes provides superior access for sensitizer material as well as promotes 
unidirectional charge transport due to the one-dimensional feature of the nanotubes. 
After QD deposition, the walls of NTs became rougher due to being decorated with QDs 
Figures 4.30(a-d) and 4.31(b). The top view images of CdSSe-sensitized NTs with 
varying number of deposition cycles are shown in Figures 4.30 a-d. The images clearly 
indicate the increased QD loading on the NTs with increasing deposition cycles. With 




Figure 4.31 Cross-sectional view of (a) unsensitized TiO2 NTAs and (b) sensitized TiO2 
NTA/CdSSe (9) film. The sensitized sample was subjected to thermal treatment under nitrogen 
atmosphere at 400°C for 1 hour. CdSSe deposits are clearly visible on the walls of nanotubes 
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It can be seen from Figure 4.31b that the QDs cover both the outer and inner surfaces of 
NT arrays, owing to the decreased resistance to mass transfer offered by the inner 
surface.  
TEM images of sensitized TiO2 NTA/CdSSe film at two different magnifications are 
shown in Figure 4.32. The images clearly depict the formation of randomly distributed 
spherical quantum dots, with average diameter size of 5 nm on the surface of the 
sensitized film.  
 
Figure 4.32 (a and b) Transmission electron micrographs of sensitized TiO2 NTA/CdSSe film at 
two different magnifications 
 
4.3.2.4 XPS analysis 
 
The core-level scans of Cd 3d, Se 3d, Se 3p and S 2p regions are provided in Figure 
4.33. The peak fitting parameters are provided in Table 4.6. The sharp doublet at binding 
energies of 404.9and 411.6eV (Figure 4.33a) can be attributed to Cd 3d5/2 and Cd 3d3/2 
peaks, respectively [238]. A spin-orbit doublet (Figure 4.33b) with components at 53.5 
eV and 54.2 eV indicates the presence of Se2- species. The observed peaks may be 
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ascribed to Se 3d5/2 (main and second contribution) and are highly sensitive to the 
chemical preparation techniques [322].  
 
Figure 4.33 X-ray photoelectron spectra for TiO2 NTA/CdSSe composite film showing (a) Cd 3d 
peak (b) Se 3d peak and (c) S2p and Se3p peak. The compositional analysis confirms the 
adherence of CdSSe nanocrystals on the surface of sensitized film 
 
The broad XPS peak around 160 eV (Figure 4.33c) comprises of S 2p and Se 3p peaks. 
Peak fitting of the peak showed the presence of four signals at 160.3, 166.4, 161.5 and 
162.7eV. The first two components correspond to Se 3p (Se 3p3/2 and Se 3p1/2, 





respectively). These peaks are in accordance with earlier studies reported for CdSSe 
and thus, evidently support the formation of CdSSe alloy [323]. 









4.3.2.5 Photoelectrochemical measurements 
 
Photoexcitation of the TiO2 NTA-CdSSe photoanode with subsequent charge transport 
mechanism can be summarized by the following reactions [324] : 
                                            CdSSe + hν CdSSe(e + h)                          (4.6) 
                                       CdSSe(e + h) CdSSe + hν + Δ(heat)                         (4.7) 
                                       CdSSe(e) + TiO2CdSSe + TiO2(e)                                 (4.8) 
                                     CdSSe(h) + Red CdSSe + Ox                  (4.9) 
where, equations (4.6) and (4.7) are the photoexcitation and recombination events, 
equation (4.8) is the electron transfer from CdSSe to TiO2, and equation (4.9) is the hole 
transfer from CdSSe to the redox couple (Red) resulting in oxidized products (Ox). The 
 Label Species BE (eV) FWHM 
S2p and 
Se3p 
A Se 3p3/2 159.4 1.56 
B Se 3p1/2 165.3 2.08 
C S 2p3/2 160.7 1.53 
D S2p1/2 162.1 1.09 
Se3d 
A Se (-II) main contribution 53.35 0.95 
B Se (-II) second contribution 54.23 0.97 
Cd3d 
A 3d5/2 404.9 1.03 
B 3d3/2 411.63 1.02 
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electrons transferred to titania via equation (4.8) are collected and result in the 
generation of anodic current. Scavenging of accumulated holes in the valance band of 
CdSSe is important to maintain stability of the absorber layer (equation 4.9). If there is 
extensive hole accumulation, CdSSe will begin to oxidize and result in diminishing 
photoelectrochemical performance over time. Sacrificial electrolytes such as sulfides are 
used to help stabilize chalcogenide sensitizers as they have suitable redox potentials. In 
this study, the electrolyte used consists of Na2S and Na2SO3. The Na2S acts as a hole 
scavenger and is oxidized to prevent the corrosion (equation 4.9). Hole scavenging can 
also occur by equations (4.10), (4.11) and (4.12). To ensure hydrogen production at the 
cathode, Na2SO3 is added to help reduce disulfides back to sulfides (equations 4.2, 4.13 
and 4.14), which has been demonstrated to be beneficial to improve photocurrent 
density and hydrogen production in previous studies [325, 326]. Also, the SO32- ions 
mainly yield thiosulfate ions [327]: 
2S2- + 2h  S22-      (4.10) 
SO32- + H2O + 2h  SO42- + 2H+    (4.11) 
SO32- + S2- + 2h  S2O32-     (4.12) 
2S22- + SO32- S2O32- + S2-      (4.2) 
S2O32- + H+ HSO3- + S     (4.13) 
S + 2e  S2-                (4.14) 
In order to investigate the potential application of the CdSSe-sensitized TiO2 NTA 
photoelectrodes, the photoelectrochemical performance of TiO2NTA/CdSSe 
photoelectrodes under AM 1.5G visible light irradiation was obtained and results are 
illustrated in Figure 4.34. For comparison, photoresponse of unmodified TiO2 NTA 




Figure 4.34 i-V characteristics of sensitized films as working electrodes measured under 100 
mW/cm2 intensity (AM 1.5 global filter) (a) TiO2 NTA/CdSSe(5) (b) TiO2 NTA/CdSSe (7), (c) TiO2 
NTA/CdSSe(9) 
 
As observed, unmodified TiO2 NTA showed a photocurrent density of ~1.4 mA/cm2 at 0.4 
V Vs SCE. Sensitization with CdSSe was found to led to a considerable increase in 
photoactivity in all cases (Table 4.7). For the film with 5 cycles of deposition, a 
photocurrent density of 2.41 mA/cm2 at 0.4 V Vs SCE (~72% increase compared to 
unmodified TiO2 NTA film) was observed. Post deposition annealing also led to a 
profound change in the photocurrent density. Films with 5 cycles of deposition annealed 
at 300°C, resulted in 4.62 mA/cm2 (at 0.4 V Vs SCE) of photocurrent density. Annealing 
the films at 400°C was found to result in an even higher photocurrent densityof 5.43 
mA/cm2 (at 0.4 V Vs SCE). This increase can be correlated with the increase in 
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crystalline nature, as inferred from XRD, that results in improved current transport and 
light harvesting ability [279]. 
Table 4.7 Summarized photocurrent values from i-V analysis of TiO2 NTA/CdSSe films 
synthesized with varied number of deposition cycles and annealing temperature 
Electrode Annealing 
Temperature 
Photocurrent density (mA/cm2) 
 
No. of deposition cycles 
TiO2 NTA/CdSSe  5 cycles 7 cycles 9 cycles 
UA 2.41 6.42 6.22 
300oC 4.62 10.16 12.41 
400oC 5.43 14.57 15.58 
 
The composite films with more deposition cycles (7 and 9 cycles) was found to improve 
photocurrent density due to increased QD loading, as observed in the SEM images 
(Figure 4.30). The enhancement of photocurrent density with more QD loading can be 
associated with the increase in absorption as observed in Figure 4.28. Similar results 
have been reported earlier [117, 328, 329]. The maximum current obtained in this study 
was recorded for film sensitized with 9 cycles of deposition and annealed at 400°C; this 
film produced a photocurrent density of 15.58 mA/cm2 (at 0.4 V Vs SCE), which was 
~11-fold increase compared to unmodified TiO2 NTA film. Further increase in the 
number of SILAR cycles (greater than nine) resulted in a decrease in the photocurrent, 
which can be attributed to the aggregated nanocrystals that act as recombination 
centers for photoinduced charge carriers [243-245]. These results clearly indicate that 
CdSSe QDs contribute significantly to the improvement in charge transfer and 
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photoactivity of TiO2 based electrodes. The photocurrent density achieved in the current 
study is higher than the values obtained for CdS/CdSe-sensitized TiO2 based systems 
studied previously [184, 246, 279, 280, 314, 315, 328, 330, 331]. 
The transient photocurrent responses of TiO2, and CdSSe/TiO2 NTA photoelectrodes 
were recorded under chopped light illumination and are shown in Figure 4.35. The initial 
photocurrent spike upon illumination signifies the separation of plasmon-induced 
electron-hole pairs at the semiconductor-electrolyte interface. Followed by the spike, 
photocurrent decreases until it attains a stable value. This decay in photocurrent density 
can be attributed to recombination processes [332].  
 
Figure4.35 i-t characteristics of sensitized films as working electrodes at 0 V Vs SCE (a) TiO2 
NTA/CdSSe(5) (b) TiO2 NTA/CdSSe (7), (c) TiO2 NTA/CdSSe(9) measured under 100 mW/cm2 
intensity (AM 1.5 global filter). The figure shows that the current density increases 
instantaneously upon illumination confirming stability of photoanodes. 
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The small dark current for CdSSe/TiO2 photoelectrodes observed from the i-t curves of 
the films indicates that CdSSe/TiO2 films possess a superior interfacial structure that 
inhibits the recombination of the injected electrons from TiO2 to the electrolyte at the 
interface, and therefore, higher conversion efficiency can be achieved. The results 
demonstrate that in addition to improved light absorption, the CdSSe-TiO2 heterojunction 
facilitates charge separation at the interface. 
Long term i-t study (at 0 V Vs SCE) was carried out under constant illumination of 100 
mW/cm2 for 24 hours (shown in Figure 4.36). From the curve obtained, it was found that 
the photocurrent degraded to 68.7% after 2 hours and to 15.5 % after about 24 hours. 




Figure 4.36 The curve depicting the percent degradation of photocurrent density obtained for TiO2 





























Mott-Schottky (M-S) analysis [333] is a useful technique to examine electrode/electrolyte 
interfacial electronic properties. Figure 4.37 shows the M-S data obtained for the 
photoanodes sensitized with 9 cycles of deposition (unannealed film and films annealed 
at 300°C and 400°C) under dark conditions in the aqueous electrolyte of 0.25 M Na2S 
and 0.35 M Na2SO3.  
 
Figure 4.37 Mott-Schottky plot of the photoanodes under dark conditions in 0.25 M Na2S + 0.35 M 
Na2SO3. Analysis was carried out by polarizing from -0.8 V to -1.2 V (vs. Ag/AgCl) at 1000 Hz and 
10 mV AC potential 
 
Based on the well-documented theory of semiconductor/electrolyte interfacial 
capacitance, the electronic properties in terms of charge carrier density (NA) and flat-
band potential (EFB) can be obtained from the Mott-Schottky analysis using equations 
(4.3) and (4.4) [334]. 
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where, C is the capacitance, e is the elementary electronic charge (1.6x10-19 C), ε0 is 
the permittivity in vacuum (8.85x10-14 F/cm), ε is the dielectric constant, kB is the 
Boltzmann constant, T is the temperature (298 K), and E is the applied bias. The linear 
portion of the 1/C2 vs E plots is fit within the potential domain in which the samples 
behave as capacitors. From this slope (m), NA can be determined by equation (4.4) and 
the intercept of the line yields EFB.  
 
The bulk dielectric constant of CdSe is 8~9 [335]. It has been recognized that the 
dielectric constant for nanomaterials is less than the bulk dielectric constant due to 
lower screening of confined electrons [336, 337]. Li and Li [338] developed a model to 
describe the effect of size, shape, and alloy composition of semiconductor nanocrystals. 
Dielectric constant values in the range of 4~7 were reported, depending upon size, 
shape, and alloy composition for CdSxSe1-x and were within 5% agreement of 
experimental values. However, it should be noted that these values are for single 
particles and not agglomerates of particles, which is often the case. Agglomerates of 
nanoparticles can contain a large amount of defects, including vacancies and dangling 
bonds [339]. These defects have an effect on the space-charge distribution at the 
interface of the particles by giving either a positive or negative charge. When polarized 
these charges migrate within the field, causing a large number of dipole moments to 
become trapped in the defects and results in a much larger dielectric constant [339]. A 
value of 70 was used for titania [340], while a value of ~10,000 was used for CdSSe 
[339, 341] and a weighted average of the two dielectric values was used based on the 
EDS analysis. This led a value of ~1000, which was subsequently used for M-S 
analysis. The charge carrier densities for samples that underwent 9 cycle of 
depositionwere calculated from equations (4.3) and (4.4) to be 1.88x1021 cm-3 (UA), 
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1.05x1021 cm-3 (300°C), and 1.36x1021 cm-3 (400°C). The respective flat band potentials 
were -1.054 V, -1.002 V, and -1.055 V vs. Ag/AgCl. The relative band edge positions 
obtained from the M-S analysis and absorbance studies are shown in Figure 4.38. 
 
Figure 4.38 Band edge diagram constructed using Mott-Schottky and absorption data 
 
In a recent work by Chen and Wang [342], the thermodynamic redox potentials of 
semiconductors in aqueous solution was surveyed. Although the values obtained 
experimentally differ from theoretical values, it should be noted that M-S analysis 
typically works best for highly crystalline electrodes and discrepancies between reported 
EFB values typically arise due to imperfections and defects in the electrode. There was 
also an observed frequency dependence on obtaining EFB values, implying the 




From the M-S analysis, it was also observed that the charge carrier density decreased 
with annealing. Significantly larger carrier concentrations have been reported to result in 
thinner depletion layer leading to lower quantum efficiencies [343]. For 
semiconductor/liquid interfaces, photogenerated electron-hole pairs are separated by an 
internal electric field (i.e. band bending). Transport of holes in regions that are not 
depleted of majority carriers can result in significant recombination and reduced 
photocurrent responses. The depletion layer thickness (dSC) can be estimated by the 
following relationship and has been plotted vs. E – EFB in Figure 4.39 for the various 
samples that underwent 9 cycles of deposition: 
                                                                                     (4.15) 
 
We observe that the annealed samples have increased depletion width compared to the 
unannealed samples. To compare the depletion width, we consider half the size of the 
CdSSe nanocrystals (~10 nm diameter) plus half the width of the nanotube wall (~5 
nm). Hence, a full depletion (~10 nm) is observed for samples annealed at 300°C, and 
400°C at approximately E-EFB ~0.94 V and 1.2 V, respectively, whereas for the 
unannealed sample, a E-EFB ~1.7 V is required. It is interesting to note that although the 
400°C sample demonstrates the highest photoelectrochemical activity, the depletion 
width compared to the 300°C annealed sample is not as wide and requires a larger 
applied potential for full depletion to occur. Moreover, the 400°C sample has a more 
negative EFB and higher charger carrier density. 

dSC 





Figure 4.39 Depletion width as a function of applied potential using equation 4.15 
 
The more negative EFB, or higher energy conduction band position, for the 400°C 
annealed film is one of the possible reason for the improved photoelectrochemical 
activity over other photoelectrodes in this study. Such negative potential shift of the 
conduction band provides the increased driving force for charge transfer from sensitizer 
to TiO2 [308, 344, 345]. Similar results have been reported earlier [117, 308, 344, 345]. 
Another contributing factor for improved PEC activity is the higher crystallinity of CdSSe 
when annealed at 400°C (as observed from XRD results), as stated earlier. This results 




4.4 Photoelectrochemical performance of ZnCdSe-sensitized 




Tungsten oxide (WO3), an indirect band gap semiconductor, has been extensively 
investigated as a photoelectrode due to its chemical stability and non-toxicity. As 
suggested by Scaife [346], metal oxides with partly filled d-orbitals, having a valence 
band (VB) composed of O2p and the VB top potential located at about +3 eV or higher 
(versus NHE), are expected to form photogenerated holes with strong oxidative power. 
TiO2 and WO3 are two such candidates with VB top potentials at 3.04 V and 3.1–3.2 V 
(versus NHE at pH 0), respectively. Although WO3 has lower photoconversion efficiency 
than the widely used TiO2, this material intrigued us due to its shorter band gap, better 
light absorption in the near UV and visible regions, the ease of preparation of high purity 
material and its long-term stability during irradiation. 
However, the bandgap of WO3 (2.6–3.0 eV) is still large to realize a sufficient absorption 
of the solar spectrum, which imposes a fundamental limitation on overall photo-to 
hydrogen efficiency. In addition,its activity has so far been restricted by the relatively 
short hole diffusion length   ̴ 150 nm and low carrier mobility [347, 348]. This limitation 
may be addressed by doping and sensitization, two possible ways by which the 
electronic structure and PEC properties of semiconducting oxides can be tailored. There 
have been reports in literature on the use of various dopants to enhance the PEC activity 
of WO3[349-352]. However, there are very few reports on the sensitization of WO3. In 
2014, Liu et al.[205] have investigated CdS-sensitized WO3 system with TiO2 buffer layer 
and found an enhancement in photocurrent density which reached 0.92 mA cm-2 for CdS 
sensitized films. The same group has recently reported the sensitization of WO3 with 
130 
 
ZnxBi2S3+x which led to a photocurrent density of 7 mA cm-2 [353]. The photocurrent 
density obtained for various doped and sensitized WO3 systems have been tabulated in 
Table 4.10. 
To the best of our knowledge, there have been no reports on sensitization of WO3 with 
ZnCdSe quantum dots. In the current chapter, synthesis of a visible light-sensitive 
heterostructure by sensitization of WO3 with ternary ZnCdSe quantum dots (QDs) has 
beendiscussed. The WO3 films were sensitized with ZnCdSe QDs using SILAR 
(Successive Ionic Adsorption and Reaction) technique. The effect of number of SILAR 
cycles on the PEC properties of sensitized films has not been previously reported for 
WO3 based system. 
 
4.4.2 Results and Discussions 
The experimental procedure for the synthesis of ZnCdSe-sensitized WO3 thin films has 
been discussed in Section 2.4.4. 
4.4.2.1 Optical absorption study 
 
Light absorption properties of the ZnCdSe QDs-sensitized WO3 electrodes, as 
determined using a UV-Vis spectrometer, are depicted in Figure4.40. The effect of 
number of SILAR layers on the performance of the QD-modified electrodes was 
investigated, and the optimal thickness for the ZnCdSe-sensitized WO3 electrodes was 
found to be 9 layers. The spectra for WO3/TiO2 film shows an absorption edge at 550 nm 





Figure 4.40 Absorption spectra for unsensitized WO3/TiO2 film and ZnCdSe-sensitized WO3 films; 
WO3/TiO2/ZnCdSe(n) films, where n depicts the number of SILAR cycles. The films were 
annealed at 400°C under N2 atmosphere for 1 hour 
 
With ZnCdSe sensitization, the absorption spectrum extended to longer wavelengths (  ̴
750 nm), exhibiting strong light absorption in almost the entire visible region. This 
suggests complementary enhancement effects in the light absorption characteristics of 
WO3 film with QDs sensitization. The incorporated amount of sensitizer material on the 
substrate film, and hence the optical absorption generally increases with increasing 
SILAR cycles. However, the reduction in absorption for films with higher number of 
deposition cycles can be attributed to aggregation of nanocrystals as reported earlier 
[117, 244]. It should be noted that after 9 cycles of deposition, the absorption spectra (for 
12 and 15 cycles) shows the formation of an additional absorption band at longer 
wavelength. Such a band at higher wavelength is due to the sensitizer particles, 
indicating the formation of larger particles (or aggregates) on the surface of the film with 
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12 and 15 cycles of deposition. In particular, film with 12 cycles of deposition forms 
largest aggregates of particles compared to other cycles, where the increase in particle 
size has been demonstrated by red-shift of the absorption onset. Similar results have 
been reported earlier by Peter et al. [354, 355] and Drouard et al. [356]. The increase in 
particle size for 12 cycle film can be correlated to the lowest photocurrent density 
produced by the film (as shown in Figure 4.44). 
 
To determine the band gap of the composite film and to identify its nature, Tauc Plots for 
the bare and sensitized film were generated using the following equation as [235, 236]: 
                                               (αhν)n = A(hν – Eg)                                                 (4.1) 
Tauc plot is a plot between hv and (αhν)n, where α indicates the absorption 
coefficientand n represents the nature of band gap (n= 0.5 for indirect band gap, and n = 
2 for direct band gap materials). Band gap (Eg) values are obtained by extrapolation of 
the linear region of the curve to the abscissa (α = 0).  Figure 4.41 shows the Tauc plots, 
i.e. variation of (αhν)2 versus photon energy (hν) for unsensitized WO3/TiO2 and 
sensitized WO3/TiO2/ZnCdSe(9) films.  
 
A better fit was obtained with n=2 for the composite films representing direct band gap 
for the films. Extrapolation of the linear region of Tauc plot gives a band gap of 2.73 eV 





Figure 4.41Tauc plots of unsensitized WO3/TiO2 and sensitized WO3/TiO2/ZnCdSe(9) films 
 
4.4.2.2 XRD diffraction 
 
The XRD patterns obtained from WO3 thin films before and after sensitization are shown 
in Figure 4.42. The XRD pattern of spray deposited WO3/TiO2 thin film (shown in curve 
a) exhibited strong diffraction peaks corresponding to that of monoclinic γ-WO3 phase 
(JCPDS card No. 43-1035, marked as *)  [357]. The absence of peaks due to TiO2 may 
be due to the fact that the TiO2 layer is much thinner than the WO3 layer and is unlikely 
to be detected by the XRD. The XRD spectrum of sensitized WO3/TiO2/ZnCdSe 
electrode (shown in curve b) showed presence of additional peaks corresponding to 
CdSe phase (JCPDS card no. 19-0191, marked as #). It is important to note that while 
there were no peaks observed corresponding to Zn, a significant shift in 2θ values of 
CdSe peaks (towards higher 2θ) was observed. Such shift signifies the presence of 
dopants in CdSe phase. More specifically, the shift towards higher 2θ indicates the 
presence of smaller atoms as dopants. Hence, this observation confirms the presence of 
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Zn within the CdSe phase. The XRD peaks corresponding to the CdSe phase are broad, 
suggesting the small crystallite size of the deposited material. 
 
Figure 4.42 Stacked X-ray diffraction patterns of (a) unsensitized WO3/TiO2 thin film and (b) 
WO3/TiO2/ZnCdSe sample annealed at 400°C(* - WO3, # - CdSe). The patterns reveal the 
presence of CdSe phase on the surface of sensitized film 
 
4.4.2.3 XPS analysis 
 
The elemental analysis of composite film showed the presence of all three elements - 
Zn, Cd and Se on the surface of WO3. Figure 4.43 shows the core-level XPS scans of W 
4f, Zn 2p, Cd 3d and Se 3d regions of sensitized WO3/TiO2/ZnCdSe film and the peak-




Figure 4.43 X-ray photoelectron spectra for WO3/TiO2/ZnCdSe composite film showing (a) W4f 
peak (b) Zn 2p peak (c) Cd 3d peak and (d) Se 3d peak 
 
W4f has a spin−orbit doublet (4f7/2 and 4f5/2) with intensity ratio 4:3 and difference in 
binding energy of 2.1 eV. The two peaks appearing at binding energies 35.6 and 37.7 
eV, correspond well with the reported values [358]. The Zn 2p spectrum of the doublet 
peaks with the binding energies of 1021.5eV and 1044.6eV are shown in Figure 4.43(b), 
corresponding to Zn2p3/2 and Zn2p1/2, respectively. These binding energies and the 
difference between two binding energies to 23.1 eV are associated with the Zn2+ [273]. 
The 3d3/2 and 3d5/2spin-orbit splitting of the Cd 3d level occurs at binding energy values 
of 411.7 and 405.0eV, respectively, while the Se 3d5/2 spin-orbit coupled doublet 
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appeared at binding energy values of 53.8 (main contribution) and 54.6eV (second 
contribution), respectively. The binding energy values obtained for Cd and Se are in 
good agreement with the literature values [238, 322]. 
 
Table 4.8 Peak-fitting parameters for core-level scans of W4f, Zn 2p, Cd 3d and Se 3d 
 
 
4.4.2.4 Photoelectrochemical measurements 
 
To quantitatively address the photoactivity of ZnCdSe QDs-sensitized WO3 
photoanodes, photocurrent density (Jsc) versus potential curves recorded under light 
illumination (1 sun or 100 mW cm-2) are depicted in Figure 4.44.  
Peak Species BE (eV) FWHM 
W 4f W4f7/2 35.6 1.2 
 W4f5/2 37.7 1.2 
Zn 2p Zn2p3/2 1021.5 1.8 
 Zn2p1/2 1044.6 2.1 
Cd 3d Cd3d3/2 411.7 1.2 
 Cd3d5/2 405.0 1.2 
Se 3d Se (-II) main contribution 53.8 1.1 
 






Figure 4.44 Photocurrent density (Jsc) versus potential characteristics for unsensitized WO3 films 
(with and without TiO2 layer) and ZnCdSe-sensitized WO3 films; WO3/TiO2/ZnCdSe(n) films, 
where n depicts the number of SILAR cycles measured under 100 mW/cm2 intensity (AM 1.5 
global filter). The films were annealed at 400°C under N2 atmosphere for 1 hour 
 
The increase in photocurrent density with applied anodic potential represents the n-type 
character of the films. The unsensitized WO3/TiO2 film showed a low photocurrent 
density of 0.55 mA/cm2 under visible light irradiation. To demonstrate the significance of 
TiO2 layer coated on the surface of WO3 before sensitization, the photocurrent density 
obtained from the film without TiO2 coating has also been shown in Figure 4.44. As 
observed, the film showed a photocurrent density of 0.07 mA/cm2. The enhancement in 
photocurrent density with TiO2 coating can be attributed to the better charge transfer 
process occurring in the composite film. As the conduction band (CB) edge of TiO2 (-0.1 
V versus NHE) lies above that of WO3 (+0.4 versus NHE), the electron transport in the 
hybrid structure occurs in a cascade form. When the electron-hole pairs are generated in 
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ZnCdSe, electrons can be first transferred more easily from the CB of TiO2 and then to 
the CB of WO3 rather than directly to WO3. This process results in better charge 
separation and reduced charge recombination in the hybrid system. Similar effect has 
been reported earlier [205, 206]. 
 
Therefore, the sensitization was carried out on WO3 films coated with TiO2 layer. 
Sensitization of unmodified WO3 films with ZnCdSe quantum dots resulted in abrupt 
increase in the photocurrent density. The average photocurrent densities were 
measured to be 5.18, 8.53, 3.07 and 3.88 mA/cm2 (at 0 V Vs Ag/AgCl) for WO3/TiO2 
films sensitized with ZnCdSe for 6, 9, 12 and 15 cycles. As expected, the number of 
SILAR cycles strongly affects the photoelectrochemical response of the resulting 
photoanodes, which display marked variations within the series. The initial rise in 
photocurrent density with increase in number of SILAR cycles (upto 9 cycles) can be 
seen as a direct consequence of increased loading of sensitizer material. With more 
sensitizer loading, the light absorption characteristics and thus, the photoconversion 
efficiency are augmented. However, further increase in SILAR cycles (12 and 15 cycles) 
result in overloading of QDs, which can prove disadvantageous for the PEC 
performance of photoanodes, ascribed to the blocking of mesopores of underlying 
substrate [331, 359]. Another reason is that the thicker layers do not contribute much 
towards the charge transfer process from the sensitizer to substrate, as they are not in 
direct contact with the substrate [193]. Therefore, the optimum current density was 
obtained for film sensitized with 9 cycles annealed at 400°C, which is  ̴120 fold and   ̴14 
fold higher than that of unsensitized WO3 film and WO3/TiO2 film, respectively. 
To further demonstrate the effect of sensitization on PEC performance of photoanodes, 
the fill factor (FF), and conversion efficiency (η) corresponding to unsensitized WO3/TiO2 
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and sensitized WO3/TiO2/ZnCdSe(9) films have been calculated and listed in Table 4.9 
alongwith open circuit potential (Voc), short circuit current (Isc) values.  
 
Table 4.9 Parameters obtained from photocurrent density (Jsc) versus potential 




Voc (mV) FF η (%) 
WO3/TiO2 0.55 -0.48 0.23 0.16 
WO3/TiO2/ZnCdSe(9) 8.53 -0.54 0.33 1.72 
 
The conversion efficiency obtained in this study is higher than the values reported earlier 
for WO3 system [360, 361]. The current obtained in the present study is highest 
compared to the doped and sensitized WO3 systems investigated earlier [205, 206, 349-
353, 362-364] (see Table 4.10). It is also worthy to note that the open-circuit potential 
(OCP) for the WO3/TiO2 is observed at -0.48 V. However, the photocurrent density 
onsets shifts to more negative values for the WO3/TiO2/ZnCdSe(n) films. These results 
indicate that better charge separation and electron accumulation occur in the sensitized 
films. The experiments were performed in duplicates.While the films followed the same 
trend (9 cy deposition film produced highest photocurrent density compared to others), 


















(at 1.2V Vs NHE) 
100 Honget al. [362] 
Zn-doped WO3 
116 x 10-3 
(at 0.8V Vs SCE) 
3 Cheng et al. [349] 
Ga-doped WO3 
131 x 10-3 
(at 0.7V Vs SCE) 
100 Ng et al. [350] 
Fe-doped WO3 
0.88 
(at 1.23V Vs RHE) 
100 Zhang et al. [351] 
Al-doped WO3 
1.14 
(at 1.2 V Vs Ag/AgCl) 




(at 1.2 V Vs Ag/AgCl) 




(at 0 V Vs Ag/AgCl) 













(at 0 V Vs Ag/AgCl) 




(at -0.1V VsAg/AgCl) 
100 Liu et al. [353] 
141 
 
4.4.2.5 ICP-OES analysis 
 
The stability test of the composite film (WO3/TiO2/ZnCdSe(9)) was conducted for 18 
hours (under continuous illumination of 1 sun intensity) at 0 V Vs Ag/AgCl. The plot of 
short-circuit current (Isc) versus time has been shown in Figure 4.45. The photocurrent 
density (Jsc) was found to degrade to 1.69% after 12 hrs and to 1.5 % after 18 hours of 
continuous illumination.  
 
Figure 4.45 Stability study of the WO3/TiO2/ZnCdSe(9) film carried out at 0 V Vs Ag/AgCl 
 
To interpret the reason behind the low stability of films, aliquots of electrolyte solution 
were collected after different time intervals (at the start of testing, after 12 hours and 18 
hours) during stability study. The collected samples were analyzed using ICP and the  
results obtained have been summarized in Table 4.10. To interpret the results from the 


































determine the composition of the composite film, the film was immersed in 4 acid 
reagent for 1 day and then in 1 M NaOH solution for 1 day to ensure complete 
dissolution of the film in both solutions. The solutions were diluted 10 times and 
analyzed using ICP. The results obtained are also included in Table 4.11. 
Table 4.11Table showing the amount of elements (in ppm) present initially on the surface of 
composite film and concentration of elements (in ppm) leached out in the electrolyte solution 




Amount leached out in electrolyte (ppm) 
At the start of 
reaction 
After 12 hours After 18 hours 
W 1.661 0.009 11.519 11.871 
Ti 123.096 0.321 1.744 1.895 
Zn 0.186 0.002 0.087 0.086 
Cd 0.871 0.0004 0.019 0.036 
Se 0.543 0.118 1.193 1.274 
S 0 5324.017 5146.856 5054.199 
 
The data presented in Table 4.10 shows that the amount of species leached out in the 
electrolyte is negligible compared to the initial concentration on the surface of the film. 
This indicates that the deterioration of photoactivity of the composite film is primarily due 
to change in the surface chemistry of the film (formation of sulfides, CdS and ZnS) under 
long term irradiation. 
 
To support this hypothesis, the morphology and elemental composition of film before 
and after the stability analysis (conducted for 18 hours) was analyzed using SEM and 
EDS. The results obtained are presented in Figures 4.46 and 4.47. Figures 4.46a and b 
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show the change in morphology of the films after stability study, thereby indicating the 
formation of some species on the surface of the film. 
 
Figure 4.46 SEM images for samples(a) before stability analysis and (b) after stability analysis 
(conducted for 18 hours). The images indicate the change in morphology of the composite film 
after stability analysis 
 
Figure 4.47 show the EDS results of film obtained for films before and after the stability 
study. The presence of S on the surface of film can be seen after the stability study. This 
result is in agreement with the data shown in Table 4.10, where the concentration of S in 






Figure 4.47 EDS analysis of samples (a) before stability analysis and (b) after stability analysis 
(conducted for 18 hours). The results indicate the presence of S on the surface of composite film 
after stability test 
 
 
The EDS mapping (Figure 4.48) results reveal the presence of S in high concentrations 
all over the surface of the film, further indicating the formation of surface compounds on 





Figure 4.48 EDS mapping indicating the presence of S on the surface of the film obtained after 
stability analysis (conducted for 18 hours) 
 
The results discussed above show that the surface chemistry has been modified during 
long term exposure. Thus, future studies will need to focus on understanding and 














4.5 Density Functional Theory based calculations and evaluation 
of Ni doped CuWO4 as photoanode 
The depletion of fossil fuel based resources and its implications on the environment and 
human life necessitates the use of renewable energy resources for future energy 
requirements. Among renewable energy resources, solar energy is the most abundant 
[2]. While the sun provides plenty of energy to the Earth, harnessing that energy 
efficiently is a challenging task. One promising route of solar energy conversion can be 
derived from nature, by mimicking photosynthesis to store energy as fuel. 
Photoelectrochemical process has the potential to be one of the most pragmatic 
approaches for hydrogen production by splitting water using only sunlight. Such 
processes require the discovery of new suitable photocatalyst materials which are 
efficient as well as stable under long exposure times. However, finding new materials 
that serves this purpose is a challenging task. It is essential to design materials based 
on theoretical calculations without solely relying on experimental techniques, in order to 
efficiently develop advanced materials with desired properties. The advent of advanced 
computational techniques in recent years has made it possible to quantitatively predict 
the physical properties of diverse systems by performing ab initio calculations using 
density functional theory (DFT) [365]. It involves the calculations and estimations of 
various factors; the most important are band gap values and band edge positions. DFT 
is a most versatile tool used in computational science for simulation of ground state 
energy in realistic models of bulk materials and their surfaces.  
4.5.1 Theoretical and computational approach 
 
Copper tungstate or CuWO4, an n-type semiconductor with an indirect band gap 2.3 eV, 
is known to crystallize in a triclinic structure with symmetry P1. Although CuWO4 is 
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triclinic, its structure is topologically related to that of monoclinic wolframite (P2/c). Jahn–
Teller distortion of Cu 2p orbitals reduces the degeneracy of 3d orbitals, giving rise to 
elongated octahedron that lowers the symmetry of structure from monoclinic to triclinic 
[365]. The structure of CuWO4 can be described as a framework of CuO6 and WO6 
octahedra, where both Cu and W are surrounded by six oxygen atoms. Four of these 
oxygen atoms surround the metal cation in a square planar configuration and the 
remaining two lie at a longer distance resulting into formation of CuO6 and WO6 
octahedra [366]. All constituent atoms within a unit cell of CuWO4 lie at Wyckoff site 2i. 
Figure 4.49 shows the structure of unit cell for CuWO4.  
 
Figure 4.49 Optimized geometry of pure CuWO4 (1 unit cell) 
 
The dimensions of unit cell are: a = 4.694, b = 5.830, c = 4.877 Å, α = 91.64, β = 92.41 
and γ = 82.91° [367]. The band structure calculations were performed using density 
functional theory (DFT) with the Perdew-Burke-Ernzerhof (PBE) generalized gradient 
approximation (GGA) [368] within the framework of plane wave pseudo potential 
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(PSPW) method as implemented in Quantum Espresso package [369]. The 
crystallographic data and preliminary atomic parameters have been chosen in 
accordance with the study by Forysth et al. [367]. 
4.5.2 Computational Details 
 
4.5.2.1 Undoped system 
 
The optimized lattice constants and atomic coordinates were obtained by the 
minimization of the total energy. The lattice constants (a, b and c) of CuWO4 were 
optimized until the total energy converged to at least 10-4 Ry and the forces between 
atoms became smaller than 10-3 Ry/bohr. The cutoff for the kinetic energy and charge 
density for the plane-wave expansion of the electronic wave functions was set to 50 Ry 
and 400 Ry, respectively. Partial occupancies for each wavefunction were determined 
using the Marzari-Vanderbilt cold smearing method [369] with a smearing width of 0.05 
Ry. The Monkhorst-Pack scheme [227] was employed for sampling the Brillouin zone, 
and the integration was performed over a (6 × 6 × 6) Monkhorst−Pack k-point grid. The 
ultrasoft pseudopotentials generated using Vanderbilt code [370] were employed to 
describe the interaction between the ion cores and valence electrons. The band 
structure obtained is shown in Figure 4.52. 
4.5.2.2 Ni-doped CuWO4 system 
 
The 1×2×2 supercell (consisting of 48 atoms, 8Cu, 8W and 32 O atoms) is used to 
simulate the effect of doping on the band gap of CuWO4. The replacement of one of the 
host Cu atoms with Ni atom resulted in 12.5% dopant concentration. Figure 4.50 shows 
the resulting atomic arrangement. The effect of substitutional Ni doping on the band gap 
of CuWO4 has been investigated. The cutoff for the kinetic energy and charge density 
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was set to 40 Ry and 360 Ry, respectively for doped system calculations. The Brillouin 
zone integration was performed over a Monkhorst–Pack 4×4×4 mesh. The band 
structure obtained for the doped structure has been shown in Figure 4.54. 
 
 
Figure 4.50 Optimized geometry of 12.5% Ni-doped CuWO4 (1x2x2 supercell) 
 
To estimate the effect of lower dopant concentration, a denser supercell- 1×2×3 
supercell (consisting of 72 atoms, 12Cu, 12W and 48O atoms) was considered. The 
replacement of one of the host Cu atoms with Ni atom resulted in 8.33% dopant 
concentration. Figure 4.51 shows the resulting atomic arrangement. The calculations 
were performed with an energy cutoff of 40 Ry over a Monkhorst–Pack mesh of 




Figure 4.51 Optimized geometry of 8.33% Ni-doped CuWO4 (1x2x3 supercell) 
 
4.5.3 Results and discussions 
 
The electronic band structure of undoped CuWO4 plotted along several symmetry 
directions of the triclinic Brillouin zone is shown in Figure 4.52. The symmetry points 
characteristic of CuWO4 system are adopted from Atuchin et al. [371]. The coordinates 
of the k-points considered for the band structure are as follows: Ʈ (0.0 0.0 0.0), X (0.5 
0.0 0.0), Y (0.0 0.5 0.0), and Z (0.0 0.0 0.5). 
From Figure 4.52, undoped CuWO4 is found to be an indirect-gap semiconductor. The 
conduction band is divided into two regions. The first region (mid-gap states) is 
dominated by Cu 3d. The top of VB is dominated by both Cu 3d and O 2p, while the 
bottom of the second conduction band region that is at higher energy, is mainly 




Figure 4.52 Band structure of pure CuWO4 (Fermi level is set to zero) 
 
The electron transition in CuWO4 occurs between occupied O2p states within the 
valence band to the unoccupied Cu 3d mid-bands (first part of CB). On the other hand, 
the electron transition between the top of the valence band  which is dominated by Cu 
3d, and bottom of the conduction band which is comprised by W 5d orbitals, are 
restricted since d-d transitions are forbidden [365].  
The calculated band gap equals to 1.742 eV with valence band maximum at the point Z 
(0.0 0.0 0.5), and the conduction band minimum located at the Y point (0.0 0.5 0.0). The 
calculated band gap is smaller than the energy gap of 1.9988eV reported by Atuchin et 
al. [371], and the band gap of 2.06 eV derived experimentally for this compound by 
Benko et al. [372]. The band gap values are expected to be underestimated due to the 
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well-known shortcoming of the GGA functional. The use of LDA or GGA functionals 
which are typically used for band structure calculations, severely underestimate Kohn-
Sham band gaps due to the delocalization error arising from the incomplete cancellation 
of the Coulomb self-interaction [373]. Conversely, the Hartree-Fock method 
overestimates the band gap values. Reasonably accurate value of band gap can 
generally be obtained employing the use of hybrid functionals or DFT + U calculations. In 
DFT + U calculations, a Coulomb repulsion term U is added to DFT calculations that 
minimizes the self-interaction error. Hybrid functionals such as B3PW91 and B3LYP 
include exact Hartree Fock exchangeand thus estimate band gap more accurately. 
These functionals, however, are computationally demanding due to the slow decay of 
Hartree-Fock exchange [374]. Another important observation from Figure 4.52 is that the 
valence band width of undoped CuWO4 equals roughly 7.5 eV, which is in close 
agreement with the values reported in literature [371]. 
Figure 4.53 represents the band structure plot for 8.33% Ni – doped CuWO4 system. 
The estimated band gap value obtained for 8.33% Ni – doped CuWO4 is 1.426 eV. This 
represents a significant reduction in band gap with introduction of Ni as dopant. An 
important observation is that the donor energy level (Ed) is higher than the fermi level (Ef 
at 0 V), which indicates that Ni imparted n-type doping character to CuWO4. This causes 
an uplift of VB corresponding to the reduction in band gap of CuWO4. With such 
decrease in band gap, the optical absorption edge of doped system is expected to 
undergo bathochromic shift thus resulting into enhanced absorption in the visible range 




Figure 4.53 Band structure of 8.33% Ni- doped CuWO4 (Fermi level is set to zero) 
 
With increase in dopant concentration to 12.5%, a further reduction in band gap is 
observed with a value of 1.406 eV calculated from Figure 4.54. This indicates a further 
increase in the donor energy level (Ed) with the increase in dopant concentration. A 
decrease in band gap of CuWO4with the increase in concentration of Ni as dopant was 
observed, although the absolute values of calculated band gaps are underestimated due 





Figure 4.54 Band structure of 12.5% Ni- doped CuWO4 (Fermi level is set to zero) 
 
4.5.4 Experimental Section 
 
To correlate the theoretical data obtained by DFT modeling with the experimental 
results, the bare and doped CuWO4 thin films were synthesized using spray deposition 
technique. The optical absorption of the films thus obtained was recorded and correlated 
with the band gap obtained using the DFT studies. The films were also characterized 
using X-ray Diffraction (XRD) to obtain the crystal structure of CuWO4 thin films. The 




4.5.5 Results and discussions 
 
4.5.5.1 Optical absorption study 
 
Figure 4.55 shows the absorption spectra of the CuWO4/FTO and Ni-doped CuWO4/FTO 
electrodes. The spectra reveal that the pure CuWO4 film has a absorption edge around 
550 nm, which corresponds to its intrinsic band gap of 2.3 eV. After doping, the optical 
absorption is found to extend into the visible region and the absorption edge is shifted 
towards longer wavelength. The bathochromic shift is more pronounced with the 
increase in the dopant percentage (8.33% to 12.5%).  
 
Figure 4.55 Absorption spectra of the undoped CuWO4 thin film, and films doped with Ni at 




For 8.33 mol% film, the band edge around 580 nm corresponds to 2.14 eV and for 12.5 
mol% film, the absorption edge corresponds to 1.968 eV. These results correlate with 
the DFT results where increase in dopant concentration contributes to a decrease in 
band gap of CuWO4, although the band gap values were underestimated by DFT 
calculations. 
4.5.5.2 XRD analysis 
 
The small angle X-ray diffraction (SAXRD) patternsforundoped and doped (8.33 mol% 
and 12.5mol%) CuWO4 films are shown in Figure 4.56.  
 




The diffraction pattern for undoped CuWO4exhibited peaks corresponding to that of the 
triclinic phase of CuWO4 (JCPDS card no. 01-070-1732) along with the diffraction peaks 
of WO3 (JCPDS card no. 01-071-0131) [375]. The absence of Ni in the XRD patterns of 
doped samples indicate that the dopants occupy interstitial sites instead of substituting 
Cu atoms in the lattice.The DFT calculations, on the other hand, are based on 
substitutional doping of Ni in CuWO4. 
4.5.5.3 ICP-OES analysis 
To further confirm the intercalation of Ni inside the doped film matrix, the doped films 
(8.33 and 12.5%) were immersed in 4 acid reagent for 2 days to ensure the complete 
dissolution of the film in the solution. The solutions were then diluted 10 times and 
analyzed using ICP-OES. The results obtained are summarized in Figure 4.57. 
 
Figure 4.57 Amount of Ni (in ppm) present in the doped CuWO4 films (8.33% and 12.5%) based 




The data obtained indicates that the amount of Ni being introduced inside the CuWO4 
increases with the increase in dopant concentration. This confirms the presence of Ni in the 
doped films and thus validates the change in optical band edge of CuWO4 with addition of Ni. 
Figure 4.58 compares the data obtained from DFT calculations and experimental results for 
undoped and Ni- doped (8.33 and 12.5%) CuWO4 films. The data indicates the decrease in 
band gap of CuWo4 with Ni doping, both theoretically and experimentally. The band gap 
values calculated by DFT modeling, however, are underestimated due to the limitation of GGA 
approximation, as disussed earlier. 
 
Figure 4.58 Comparison of band gap values obtained from (a) DFT calculations and (b) 






Chapter 5  
Conclusions and Future work 
Titania (TiO2) based electrodes exhibit a large band gap around 3.2 eV for anatase 
phase, which results in the generation of charge carriers upon illumination through the 
absorption of energies above the band gap. However, since the solar spectrum consists 
of photons with energies ranging from about 0.5 to 3.5 eV, photoconversion efficiency 
achieved through TiO2 is very low since the photons with energies below the 
semiconductor band gap are not absorbed. For this reason, sensitization of titania can 
lead to panchromatic absorption of visible light and render it eminently suitable for 
photovoltaic applications. 
Most common approaches for improving the light harvesting ability of large band gap 
semiconductors are either based on chemisorption of dye molecules onto the surface of 
wide band gap semiconductors or based on the incorporation of quantum dot 
semiconductors as sensitizer materials. Although several binary quantum dots have 
been investigated as sensitizers, the reports on sensitization of wide band gap 
semiconductors with ternary quantum dots are rare in literature.  
The MnCdSe quantum dots were investigated for the first time as sensitizer for TiO2 
nanotube arrays prepared by a simple anodization technique. The MnxCdySe 
nanocrystals were deposited on the surface of TiO2 NTAs employing the in-situSILAR 
technique. The effects of film thickness variation (5, 7, and 9 cycles) and post deposition 
annealing temperature (200°C and 400°C) on optical and photoelectrochemical 
properties of photoanodes wereinvestigated. The composite films were employed as 
photoelectrodes in Na2S/Na2SO3 electrolyte, and the effect of number of deposition 
cycles and annealing temperature on optical and photoelectrochemical properties was 
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investigated. The highest photocurrent density obtained in this study was 8.79 mA/cm2, 
which was five fold higher than that obtained from the unsensitized TiO2 NTAs. Such 
profound increase in photocurrent density can be attributed to the presence of Mn as 
dopant for the CdSe system, since the current generated with CdSe-sensitized TiO2 NTA 
was found to be lower than the MnCdSe/TiO2 heterostructure. 
To further explore the effect of dopants on the CdSe matrix, Mn was replaced by Zn and 
ZnxCd1-xSe quantum dots were investigated as a sensitizer for titania. ZnxCd1-xSe QDs 
were deposited by the facile SILAR process onto the walls of TiO2 NTA. The films were 
sensitized with 3, 5 and 7 cycles of deposition and annealed under N2 atmosphere at 
200°C and 300°C.The optimum energy conversion efficiency was 12.70 mA/cm2 
(obtained with 7 cycles of deposition), which was even higher than MnCdSe/TiO2 
system. The results indicate the potential of ZnxCd1-xSe/TiO2 NTA photoanodes as a 
promising candidate for photovoltaic device applications. 
After obtaining improved light harvesting and photocurrent density with MnCdSe and 
ZnCdSe (where Mn and Zn served as dopant for Cd), the effect of an anion dopant for 
CdSe was analyzed. Sulfur (S) was chosen as a dopant for Se (in CdSe) since ionic 
radius of S2- is comparable to Se2-. The TiO2 photoelectrodes were sensitized with 
CdSxSe1-x using the similar technique employed earlier for MnCdSe and ZnCdSe 
sensitization. The film synthesized with 9 cycles of depositionproduced a photocurrent 
density of 15.58 mA/cm2, which was highest among the sensitized photoelectrodes 
investigated earlier in this study. 
To understand if the enhancement in PEC activity was limited to TiO2 substrate or could 
be applicable to other semiconducting oxides, WO3 was sensitized using ZnCdSe. The 
WO3 films were spray deposited on FTO glass substrate, followed by the deposition of 
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TiO2 buffer layer. The WO3/TiO2 film was then sensitized with ZnCdSe quantum dots 
leading to WO3/TiO2/ZnCdSe heterostructure. The incorporation of ZnCdSe QDs with 
WO3exhibited an extended absorption range (up to 750 nm) and better light harvesting 
ability. With 9 cycles of deposition, a photocurrent density of 8.53 mA/cm2 was 
achievedwhich was higher than the doped and sensitized WO3 systems investigated 
earlier. This current density was approximately 120 fold higher than that of unsensitized 
tungsten oxide film. 
 
After gaining considerable insight of PEC water splitting experimental procedures, the 
next step was to design an efficient material based on theoretical calculations without 
relying solely on experimental techniques. In recent years, with the advent of advanced 
computational techniques, it has become possible to quantitatively predict the physical 
properties of diverse systems by performing ab-initio calculations using the density 
functional theory. It involves the calculations and estimations of various factors; the most 
important are band gap values and band edge positions. DFT is a versatile tool used in 
computational science for simulation of ground state energy in realistic models of bulk 
materials and their surfaces. 
The material investigated using DFT was CuWO4. The band structure of CuWO4 was 
obtained using plane wave self-consistent field (pwscf) calculations. The effect of Ni 
doping on the band gap of CuWO4 was studied at two dopant concentrations - 8.33 and 
12.5 mol%. From the DFT calculation results, the band gap of CuWO4 (1.742 eV) was 
reduced when Ni was incorporated into the matrix to 1.426 eV at 8.33mol% and 1.406 
eV at 12.5 mol%. The reduced band gap of doped material is expected to result in wider 
absorption range and better light harvesting ability. The theoretical reduction in band 
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gapwas correlated with increased spectral response of Ni-doped CuWO4 synthesized at 
the same concentrations. 
Future work : 
1) The band gap calculations of CuWO4performed using DFT modeling are 
underestimateddue to the use of LDA and GGA approximations. Use of hybrid 
functionals (such as B3PW91 and B3LYP) or DFT + U calculations could estimate the 
band gap values more accurately.  
 
2) The DFT calculations were limited to 12.5 mol% (4 unit cell) and 8.33 mol% (6 unit 
cell) due to the limitation of computational power. The variation of band gap of CuWO4 at 
lower Ni concentrations (higher number of unit cells or coordinates) should be 
investigated. 
  
3) The density of states (DOS) plot depicts the contribution of each species towards the 
valence and conduction bands. Therefore, further investigation of total and partial DOS 
plots is needed to understand the composition of bands and the transition from valence 
band to the conduction band of CuWO4. 
 
4) Although the values were underestimated, the band gap of CuWO4 was found to 
decrease with Ni as a dopant. In addition, with increase in Ni concentration, the band 
gap value decreased. Accordingly, decrease in band gap causes increase in visible light 
absorption and hence is expected to increase photoactivity of Ni-doped CuWO4 films. 
The enhancement in absorption upon doping of CuWO4 has been shown in this study. 
However, the PEC analysis have not been performed. As a futuristic plan, 
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photoelectrochemical response of Ni-doped CuWO4 films at various concentrations 
should be analyzed. 
 
5) The present investigations showed the potential of ternary quantum dots as a 
sensitizer. Further investigation of metal oxides sensitization with quarternary quantum 
dots should be explored. 
 
6) The sensitized TiO2 and WO3 photoelectrodes were found to degrade under long 
hours of exposure. Free radicals could play a role in the degradation of the 
photoelectrodes but by introducing radical spin trapping agents like nitrones and a host 
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scf calculation – 1 unit cell 
 
&control 
    calculation = 'scf', 
    prefix='cuw1ucnew', 
    restart_mode='from_scratch', 
    outdir='/scratch/rgakhar/cuw/1ucnew' 
    pseudo_dir = '/scratch/rgakhar/cuw', 
    wf_collect = .true., 
/ 
&system 
    ibrav= 14, 
    celldm(1) = 8.94, 
    celldm(2) = 1.25, 
    celldm(3) = 1.040268456, 
    celldm(4) = -0.029264993, 
    celldm(5) = -0.043078844, 
    celldm(6) =  0.1252466553, 
    nat= 12, 
    ntyp= 3, 
    ecutwfc = 50, 
    occupations= 'smearing', 
    smearing= 'm-v', 
    degauss= 0.05, 
 / 
&electrons 
  conv_thr    = 1.0D-10 
  mixing_beta = 0.5 
  diago_full_acc=.true. 
  electron_maxstep=1000, 
/ 
ATOMIC_SPECIES 
Cu  63.546  Cu.pbe-n-van_ak.UPF 
W   183.84  W.pbe-nsp-van.UPF 
O   15.9994 O.pbe-van_ak.UPF 
 
ATOMIC_POSITIONS (crystal) 
Cu       0.493836034   0.654805916   0.250508815 
Cu       0.506163323   0.345189456   0.749476873 
W        0.980663924   0.827549925   0.746361411 
W        0.019336712   0.172451213   0.253620847 
O        0.251739710   0.351950807   0.428995418 
O        0.748259652   0.648049385   0.570990747 
O        0.215439556   0.881547329   0.429227327 
O        0.784558833   0.118449838   0.570754375 
O        0.733839997   0.381984489   0.092633939 
O        0.266160469   0.618016571   0.907348962 
O        0.216700524   0.090316127   0.946255339 
O        0.783301266   0.909688944   0.053725947 
 
K_POINTS automatic 
6 6 6 0 0 0 
195 
 




    calculation = 'relax', 
    tstress= .true., 
    tprnfor = .true. 
    prefix='cuw1ucnew', 
    restart_mode='from_scratch', 
    outdir='/scratch/rgakhar/cuw/1ucnew' 




    ibrav= 14, 
    celldm(1) = 8.94, 
    celldm(2) = 1.25, 
    celldm(3) = 1.040268456, 
    celldm(4) = -0.029264993, 
    celldm(5) = -0.043078844, 
    celldm(6) =  0.1252466553, 
 
    nat= 12, 
    ntyp= 3, 
    ecutwfc = 50, 
    occupations= 'smearing', 
    smearing= 'm-v', 
    degauss= 0.05, 
 / 
&electrons 
  conv_thr    = 1.D-12 
  mixing_mode = 'plain', 
  mixing_beta = 0.5D0 
  diagonalization= 'cg' 







Cu  63.546  Cu.pbe-n-van_ak.UPF 
W   183.84  W.pbe-nsp-van.UPF 
O   15.9994 O.pbe-van_ak.UPF 
 
ATOMIC_POSITIONS (crystal) 
Cu   0.4954    0.6594   0.2452 
Cu   0.5046    0.3406   0.7548 
W    0.9785    0.8265   0.7459 
W    0.0215    0.1735   0.2540 
O   0.2504    0.3548   0.4252 
O   0.7496    0.6452   0.5748 
196 
 
O   0.2155    0.8808   0.4290 
O   0.7845    0.1192   0.5710 
O   0.7351    0.3808   0.0982 
O   0.2649    0.6192   0.9018 
O   0.2179    0.0923   0.9454 
O   0.7821    0.9077   0.0546 
 
K_POINTS automatic 










    calculation = 'nscf', 
    prefix='cuw1ucnew', 
    restart_mode='from_scratch', 
    outdir='/scratch/rgakhar/cuw/1ucnew' 
    pseudo_dir = '/scratch/rgakhar/cuw', 




    ibrav= 14, 
    celldm(1) = 8.94, 
    celldm(2) = 1.25, 
    celldm(3) = 1.040268456, 
    celldm(4) = -0.029264993, 
    celldm(5) = -0.043078844, 
    celldm(6) =  0.1252466553, 
    nat= 12, 
    ntyp= 3, 
    nbnd = 100, 




  conv_thr    = 1.0D-10 
  mixing_beta = 0.5 
  diago_full_acc=.true. 











Cu  63.546  Cu.pbe-n-van_ak.UPF 
W   183.84  W.pbe-nsp-van.UPF 
O   15.9994 O.pbe-van_ak.UPF 
 
ATOMIC_POSITIONS (crystal) 
Cu       0.493836034   0.654805916   0.250508815 
Cu       0.506163323   0.345189456   0.749476873 
W        0.980663924   0.827549925   0.746361411 
W        0.019336712   0.172451213   0.253620847 
O        0.251739710   0.351950807   0.428995418 
O        0.748259652   0.648049385   0.570990747 
O        0.215439556   0.881547329   0.429227327 
O        0.784558833   0.118449838   0.570754375 
O        0.733839997   0.381984489   0.092633939 
O        0.266160469   0.618016571   0.907348962 
O        0.216700524   0.090316127   0.946255339 





0.0 0.0 0.0 1 
0.5 0.0 0.0 2 
0.0 0.5 0.0 3 
































    calculation = 'bands', 
    prefix='cuw1ucnew', 
    restart_mode='from_scratch', 
    outdir='/scratch/rgakhar/cuw/1ucnew' 
    pseudo_dir = '/scratch/rgakhar/cuw/1uc', 
    verbosity= 'high' 




    ibrav= 14, 
    celldm(1) = 8.94, 
    celldm(2) = 1.25, 
    celldm(3) = 1.040268456, 
    celldm(4) = -0.029264993, 
    celldm(5) = -0.043078844, 
    celldm(6) =  0.1252466553, 
    nat= 12, 
    ntyp= 3, 
    nbnd = 100, 
    ecutwfc = 50, 
    occupations= 'smearing', 
    smearing= 'm-v', 
    degauss= 0.05, 
 / 
&electrons 
  conv_thr    = 1.0D-10 
  mixing_beta = 0.5 








Cu  63.546  Cu.pbe-n-van_ak.UPF 
W   183.84  W.pbe-nsp-van.UPF 
O   15.9994 O.pbe-van_ak.UPF 
 
ATOMIC_POSITIONS (crystal) 
Cu       0.493842569   0.654767578   0.250560507 
Cu       0.506158828   0.345231566   0.749423640 
W        0.980651087   0.827563539   0.746400132 
W        0.019349351   0.172436800   0.253582497 
O        0.251733137   0.351918236   0.428997103 
O        0.748265887   0.648081323   0.570988904 
O        0.215440458   0.881546239   0.429216012 
199 
 
O        0.784557284   0.118450938   0.570765590 
O        0.733895140   0.382058474   0.092668195 
O        0.266105801   0.617942345   0.907315674 
O        0.216726910   0.090261006   0.946222588 






0.0 0.0 0.0   30 
0.0 0.0 0.5   30 
0.5 0.0 0.0   30 
0.0 0.0 0.0   30 
0.0 0.5 0.0   30 
0.0 0.0 0.5   30 
0.5 0.0 0.0   30 








































    calculation = 'scf', 
    prefix='cuw4uc', 
    restart_mode='from_scratch', 
    outdir='/scratch/rgakhar/cuw/4ucn' 
    pseudo_dir = '/scratch/rgakhar/cuw', 




    ibrav= 14, 
    celldm(1) = 8.94, 
    celldm(2) = 2.50, 
    celldm(3) = 2.08, 
    celldm(4) = -0.029264993, 
    celldm(5) = -0.043078844, 
    celldm(6) =  0.1252466553, 
    nat= 48, 
    ntyp= 4, 
    ecutwfc = 40, 
    occupations= 'smearing', 
    smearing= 'm-v', 




  conv_thr    = 1.0D-8 
  mixing_beta = 0.3 
  diago_full_acc = .true. 
  electron_maxstep = 1000, 
/ 
ATOMIC_SPECIES 
Cu  63.546  Cu.pbe-n-van_ak.UPF 
W   183.84  W.pbe-nsp-van.UPF 
O   15.9994 O.pbe-van_ak.UPF 
Ni  58.6934 Ni.pbe_v1.4.uspp.F.UPF 
 
ATOMIC_POSITIONS crystal 
Ni       0.486844490   0.322259343   0.125906597 
Cu       0.485737913   0.324845871   0.626850708 
Cu       0.500687389   0.829603074   0.124214976 
Cu       0.497908190   0.826379155   0.625604074 
Cu       0.501228183   0.672306565   0.875817110 
Cu       0.504843033   0.672618259   0.374671583 
Cu       0.508663429   0.172899017   0.875837325 
Cu       0.513890136   0.174760925   0.372440715 
O        0.274003254   0.187574593   0.204850507 
O        0.254480681   0.177865199   0.712702151 
O        0.247066202   0.672432704   0.215734783 
201 
 
O        0.242731189   0.671623358   0.717080774 
O        0.752433535   0.825624589   0.786695328 
O        0.762755307   0.830764966   0.278910531 
O        0.739515561   0.318871580   0.788986996 
O        0.735662491   0.323669026   0.283095043 
O        0.209744793   0.436353806   0.214286191 
O        0.200990935   0.436728270   0.717565655 
O        0.234058465   0.948332271   0.212121328 
O        0.222070505   0.940837739   0.712949911 
O        0.771132751   0.555340906   0.788386786 
O        0.778106157   0.556988599   0.287558721 
O        0.791910537   0.059852415   0.783017512 
O        0.805056530   0.065989888   0.283186529 
O        0.743131848   0.197191450   0.047840372 
O        0.737491650   0.191307766   0.546205514 
O        0.728066386   0.689206822   0.048554470 
O        0.729014908   0.688763624   0.548159322 
O        0.270064907   0.810681624   0.954233059 
O        0.274420561   0.810066711   0.450456547 
O        0.260697620   0.308890419   0.958742419 
O        0.256745565   0.305715250   0.453017362 
O        0.760455312   0.446879836   0.031545773 
O        0.770045881   0.449969794   0.528327045 
O        0.798760697   0.962492974   0.025799018 
O        0.791756040   0.956223621   0.523191977 
O        0.197066070   0.539969709   0.974901929 
O        0.203728295   0.539819813   0.475274771 
O        0.229750040   0.051682831   0.969030078 
O        0.226297938   0.046780625   0.471624033 
W        0.035433949   0.091359208   0.124096964 
W        0.023644505   0.087554278   0.625162198 
W        0.011109655   0.583962454   0.130652313 
W        0.010302737   0.582209932   0.630074101 
W        0.987186683   0.915566719   0.870783041 
W        0.994126674   0.917667425   0.371121491 
W        0.966959215   0.410691881   0.877174518 
W        0.972221209   0.410823116   0.375559855 
 
K_POINTS automatic 



















    calculation = 'relax', 
    prefix='cuw4uc', 
    tstress= .true., 
    tprnfor = .true. 
    restart_mode='from_scratch', 
    outdir='/scratch/rgakhar/cuw/4ucn' 




    ibrav= 14, 
    celldm(1) = 8.94, 
    celldm(2) = 2.50, 
    celldm(3) = 2.08, 
    celldm(4) = -0.029264993, 
    celldm(5) = -0.043078844, 
    celldm(6) =  0.1252466553, 
    nat= 48, 
    ntyp= 4, 
    ecutwfc = 40, 
    occupations= 'smearing', 
    smearing= 'm-v', 
    degauss= 0.05, 
 / 
&electrons 
  mixing_beta = 0.3, 














Cu  63.546  Cu.pbe-n-van_ak.UPF 
W   183.84  W.pbe-nsp-van.UPF 
O   15.9994 O.pbe-van_ak.UPF 
Ni  58.6934 Ni.pbe_v1.4.uspp.F.UPF 
 
ATOMIC_POSITIONS crystal 
Ni 0.495400 0.329700 0.122600 
Cu 0.495400 0.329700 0.622600  
203 
 
Cu 0.495400 0.829700 0.122600  
Cu 0.495400 0.829700 0.622600  
Cu 0.504600 0.670300 0.877400  
Cu 0.504600 0.670300 0.377400  
Cu 0.504600 0.170300 0.877400  
Cu 0.504600 0.170300 0.377400 
O  0.250400 0.177400 0.212600  
O  0.250400 0.177400 0.712600  
O  0.250400 0.677400 0.212600 
O  0.250400 0.677400 0.712600 
O  0.749600 0.822600 0.787400  
O  0.749600 0.822600 0.287400  
O  0.749600 0.322600 0.787400  
O  0.749600 0.322600 0.287400  
O  0.215500 0.440400 0.214500  
O  0.215500 0.440400 0.714500 
O  0.215500 0.940400 0.214500  
O  0.215500 0.940400 0.714500  
O  0.784500 0.559600 0.785500  
O  0.784500 0.559600 0.285500  
O  0.784500 0.059600 0.785500  
O  0.784500 0.059600 0.285500  
O  0.735100 0.190400 0.049100  
O  0.735100 0.190400 0.549100  
O  0.735100 0.690400 0.049100  
O  0.735100 0.690400 0.549100 
O  0.264900 0.809600 0.950900  
O  0.264900 0.809600 0.450900  
O  0.264900 0.309600 0.950900  
O  0.264900 0.309600 0.450900  
O  0.782100 0.453850 0.027300 
O  0.782100 0.453850 0.527300  
O  0.782100 0.953850 0.027300  
O  0.782100 0.953850 0.527300  
O  0.217900 0.546150 0.972700  
O  0.217900 0.546150 0.472700  
O  0.217900 0.046150 0.972700  
O  0.217900 0.046150 0.472700 
W  0.021500 0.086750 0.127000  
W  0.021500 0.086750 0.627000  
W  0.021500 0.586750 0.127000  
W  0.021500 0.586750 0.627000  
W  0.978500 0.913250 0.873000  
W  0.978500 0.913250 0.373000  
W  0.978500 0.413250 0.873000  
W  0.978500 0.413250 0.373000  
 
K_POINTS automatic 










    calculation = 'nscf', 
    prefix='cuw4uc', 
    restart_mode='from_scratch', 
    outdir='/scratch/rgakhar/cuw/4ucn' 
    pseudo_dir = '/scratch/rgakhar/cuw', 




    ibrav= 14, 
    celldm(1) = 8.94, 
    celldm(2) = 2.50, 
    celldm(3) = 2.08, 
    celldm(4) = -0.029264993, 
    celldm(5) = -0.043078844, 
    celldm(6) =  0.1252466553, 
    nat= 48, 
    ntyp= 4, 
    nbnd = 250, 
    ecutwfc = 40, 
    occupations= 'smearing', 
    smearing= 'm-v', 
    degauss= 0.05, 
 / 
&electrons 
  mixing_beta = 0.3 
  diago_full_acc=.true. 









Cu  63.546  Cu.pbe-n-van_ak.UPF 
W   183.84  W.pbe-nsp-van.UPF 
O   15.9994 O.pbe-van_ak.UPF 
Ni  58.6934 Ni.pbe_v1.4.uspp.F.UPF 
 
ATOMIC_POSITIONS crystal 
Ni       0.486844490   0.322259343   0.125906597 
Cu       0.485737913   0.324845871   0.626850708 
Cu       0.500687389   0.829603074   0.124214976 
Cu       0.497908190   0.826379155   0.625604074 
Cu       0.501228183   0.672306565   0.875817110 
Cu       0.504843033   0.672618259   0.374671583 
205 
 
Cu       0.508663429   0.172899017   0.875837325 
Cu       0.513890136   0.174760925   0.372440715 
O        0.274003254   0.187574593   0.204850507 
O        0.254480681   0.177865199   0.712702151 
O        0.247066202   0.672432704   0.215734783 
O        0.242731189   0.671623358   0.717080774 
O        0.752433535   0.825624589   0.786695328 
O        0.762755307   0.830764966   0.278910531 
O        0.739515561   0.318871580   0.788986996 
O        0.735662491   0.323669026   0.283095043 
O        0.209744793   0.436353806   0.214286191 
O        0.200990935   0.436728270   0.717565655 
O        0.234058465   0.948332271   0.212121328 
O        0.222070505   0.940837739   0.712949911 
O        0.771132751   0.555340906   0.788386786 
O        0.778106157   0.556988599   0.287558721 
O        0.791910537   0.059852415   0.783017512 
O        0.805056530   0.065989888   0.283186529 
O        0.743131848   0.197191450   0.047840372 
O        0.737491650   0.191307766   0.546205514 
O        0.728066386   0.689206822   0.048554470 
O        0.729014908   0.688763624   0.548159322 
O        0.270064907   0.810681624   0.954233059 
O        0.274420561   0.810066711   0.450456547 
O        0.260697620   0.308890419   0.958742419 
O        0.256745565   0.305715250   0.453017362 
O        0.760455312   0.446879836   0.031545773 
O        0.770045881   0.449969794   0.528327045 
O        0.798760697   0.962492974   0.025799018 
O        0.791756040   0.956223621   0.523191977 
O        0.197066070   0.539969709   0.974901929 
O        0.203728295   0.539819813   0.475274771 
O        0.229750040   0.051682831   0.969030078 
O        0.226297938   0.046780625   0.471624033 
W        0.035433949   0.091359208   0.124096964 
W        0.023644505   0.087554278   0.625162198 
W        0.011109655   0.583962454   0.130652313 
W        0.010302737   0.582209932   0.630074101 
W        0.987186683   0.915566719   0.870783041 
W        0.994126674   0.917667425   0.371121491 
W        0.966959215   0.410691881   0.877174518 




0.0 0.0 0.0 1 
0.5 0.0 0.0 2 
0.0 0.5 0.0 3 










    calculation = 'bands', 
    prefix='cuw4uc', 
    restart_mode='from_scratch', 
    outdir='/scratch/rgakhar/cuw/4ucn' 
    pseudo_dir = '/scratch/rgakhar/cuw', 




    ibrav= 14, 
    celldm(1) = 8.94, 
    celldm(2) = 2.50, 
    celldm(3) = 2.08, 
    celldm(4) = -0.029264993, 
    celldm(5) = -0.043078844, 
    celldm(6) =  0.1252466553, 
    nat= 48, 
    ntyp= 4, 
    nbnd = 250, 
    ecutwfc = 40, 
    occupations= 'smearing', 
    smearing= 'm-v', 




  mixing_beta = 0.3 







Cu  63.546  Cu.pbe-n-van_ak.UPF 
W   183.84  W.pbe-nsp-van.UPF 
O   15.9994 O.pbe-van_ak.UPF 
Ni  58.6934 Ni.pbe_v1.4.uspp.F.UPF 
 
ATOMIC_POSITIONS crystal 
Ni       0.486844490   0.322259343   0.125906597 
Cu       0.485737913   0.324845871   0.626850708 
Cu       0.500687389   0.829603074   0.124214976 
Cu       0.497908190   0.826379155   0.625604074 
Cu       0.501228183   0.672306565   0.875817110 
Cu       0.504843033   0.672618259   0.374671583 
Cu       0.508663429   0.172899017   0.875837325 
Cu       0.513890136   0.174760925   0.372440715 
207 
 
O        0.274003254   0.187574593   0.204850507 
O        0.254480681   0.177865199   0.712702151 
O        0.247066202   0.672432704   0.215734783 
O        0.242731189   0.671623358   0.717080774 
O        0.752433535   0.825624589   0.786695328 
O        0.762755307   0.830764966   0.278910531 
O        0.739515561   0.318871580   0.788986996 
O        0.735662491   0.323669026   0.283095043 
O        0.209744793   0.436353806   0.214286191 
O        0.200990935   0.436728270   0.717565655 
O        0.234058465   0.948332271   0.212121328 
O        0.222070505   0.940837739   0.712949911 
O        0.771132751   0.555340906   0.788386786 
O        0.778106157   0.556988599   0.287558721 
O        0.791910537   0.059852415   0.783017512 
O        0.805056530   0.065989888   0.283186529 
O        0.743131848   0.197191450   0.047840372 
O        0.737491650   0.191307766   0.546205514 
O        0.728066386   0.689206822   0.048554470 
O        0.729014908   0.688763624   0.548159322 
O        0.270064907   0.810681624   0.954233059 
O        0.274420561   0.810066711   0.450456547 
O        0.260697620   0.308890419   0.958742419 
O        0.256745565   0.305715250   0.453017362 
O        0.760455312   0.446879836   0.031545773 
O        0.770045881   0.449969794   0.528327045 
O        0.798760697   0.962492974   0.025799018 
O        0.791756040   0.956223621   0.523191977 
O        0.197066070   0.539969709   0.974901929 
O        0.203728295   0.539819813   0.475274771 
O        0.229750040   0.051682831   0.969030078 
O        0.226297938   0.046780625   0.471624033 
W        0.035433949   0.091359208   0.124096964 
W        0.023644505   0.087554278   0.625162198 
W        0.011109655   0.583962454   0.130652313 
W        0.010302737   0.582209932   0.630074101 
W        0.987186683   0.915566719   0.870783041 
W        0.994126674   0.917667425   0.371121491 
W        0.966959215   0.410691881   0.877174518 




0.0 0.0 0.0   10 
0.0 0.0 0.5   10 
0.5 0.0 0.0   10 
0.0 0.0 0.0   10 
0.0 0.5 0.0   10 
0.0 0.0 0.5   10 
0.5 0.0 0.0   10 


























































scf calculation – 6 unit cell (1 x 2 x 3 supercell) 
 
&control 
    calculation = 'scf', 
    prefix='cuw6uc', 
    restart_mode='from_scratch', 
    outdir='temp' 
    pseudo_dir = '/scratch/rgakhar/cuw', 




    ibrav= 14, 
    celldm(1) = 8.94, 
    celldm(2) = 2.50, 
    celldm(3) = 3.120805, 
    celldm(4) = -0.029264993, 
    celldm(5) = -0.043078844, 
    celldm(6) =  0.1252466553, 
    nat= 72, 
    ntyp= 4, 
    ecutwfc = 40, 
    occupations= 'smearing', 
    smearing= 'm-v', 
    degauss= 0.05, 
 / 
&electrons 
  mixing_beta = 0.1 
  diago_full_acc = .true. 
  electron_maxstep = 1000, 
/ 
ATOMIC_SPECIES 
Cu  63.546  Cu.pbe-n-van_ak.UPF 
W   183.84  W.pbe-nsp-van.UPF 
O   15.9994 O.pbe-van_ak.UPF 
Ni  58.6934 Ni.pbe_v1.4.uspp.F.UPF 
 
ATOMIC_POSITIONS crystal 
Ni 0.495400 0.329700 0.081733  
Cu 0.495400 0.329700 0.415067  
Cu 0.495400 0.329700 0.748400  
Cu 0.495400 0.829700 0.081733  
Cu 0.495400 0.829700 0.415067  
Cu 0.495400 0.829700 0.748400  
Cu 0.504600 0.670300 0.918267  
Cu 0.504600 0.670300 0.251600  
Cu 0.504600 0.670300 0.584933  
Cu 0.504600 0.170300 0.918267  
Cu 0.504600 0.170300 0.251600  
Cu 0.504600 0.170300 0.584933   
O 0.250400 0.177400 0.141733   
O 0.250400 0.177400 0.475067   
210 
 
O 0.250400 0.177400 0.808400   
O 0.250400 0.677400 0.141733  
O 0.250400 0.677400 0.475067  
O 0.250400 0.677400 0.808400  
O 0.749600 0.822600 0.858267  
O 0.749600 0.822600 0.191600  
O 0.749600 0.822600 0.524933  
O 0.749600 0.322600 0.858267  
O 0.749600 0.322600 0.191600  
O 0.749600 0.322600 0.524933 
O 0.215500 0.440400 0.143000  
O 0.215500 0.440400 0.476333  
O 0.215500 0.440400 0.809667  
O 0.215500 0.940400 0.143000  
O 0.215500 0.940400 0.476333  
O 0.215500 0.940400 0.809667  
O 0.784500 0.559600 0.857000  
O 0.784500 0.559600 0.190333  
O 0.784500 0.559600 0.523667  
O 0.784500 0.059600 0.857000  
O 0.784500 0.059600 0.190333  
O 0.784500 0.059600 0.523667  
O 0.735100 0.190400 0.032733  
O 0.735100 0.190400 0.366067  
O 0.735100 0.190400 0.699400  
O 0.735100 0.690400 0.032733  
O 0.735100 0.690400 0.366067  
O 0.735100 0.690400 0.699400  
O 0.264900 0.809600 0.967267  
O 0.264900 0.809600 0.300600  
O 0.264900 0.809600 0.633933  
O 0.264900 0.309600 0.967267  
O 0.264900 0.309600 0.300600  
O 0.264900 0.309600 0.633933  
O 0.782100 0.453850 0.018200  
O 0.782100 0.453850 0.351533  
O 0.782100 0.453850 0.684867  
O 0.782100 0.953850 0.018200  
O 0.782100 0.953850 0.351533  
O 0.782100 0.953850 0.684867  
O 0.217900 0.546150 0.981800  
O 0.217900 0.546150 0.315133  
O 0.217900 0.546150 0.648467  
O 0.217900 0.046150 0.981800  
O 0.217900 0.046150 0.315133  
O 0.217900 0.046150 0.648467  
W 0.021500 0.086750 0.084667  
W 0.021500 0.086750 0.418000  
W 0.021500 0.086750 0.751333  
W 0.021500 0.586750 0.084667  
W 0.021500 0.586750 0.418000  
W 0.021500 0.586750 0.751333  
211 
 
W 0.978500 0.913250 0.915333  
W 0.978500 0.913250 0.248667  
W 0.978500 0.913250 0.582000  
W 0.978500 0.413250 0.915333  
W 0.978500 0.413250 0.248667  
W 0.978500 0.413250 0.582000  
 
K_POINTS automatic 












































relax calculation – 6 unit cell(1 x 2 x 3 supercell) 
 
&control 
    calculation = 'relax', 
    prefix='cuw6uc', 
    tstress= .true., 
    tprnfor = .true. 
    restart_mode='from_scratch', 
    outdir='temp' 




    ibrav= 14, 
    celldm(1) = 8.94, 
    celldm(2) = 2.50, 
    celldm(3) = 3.12, 
    celldm(4) = -0.029264993, 
    celldm(5) = -0.043078844, 
    celldm(6) =  0.1252466553, 
    nat= 72, 
    ntyp= 4, 
    ecutwfc = 40, 
    occupations= 'smearing', 
    smearing= 'm-v', 
    degauss= 0.05, 
 / 
&electrons 
  mixing_beta = 0.1 













Cu  63.546  Cu.pbe-n-van_ak.UPF 
W   183.84  W.pbe-nsp-van.UPF 
O   15.9994 O.pbe-van_ak.UPF 
Ni  58.6934 Ni.pbe_v1.4.uspp.F.UPF 
 
ATOMIC_POSITIONS crystal 
Ni 0.495400 0.329700 0.081733  
Cu 0.495400 0.329700 0.415067  
Cu 0.495400 0.329700 0.748400  
Cu 0.495400 0.829700 0.081733  
213 
 
Cu 0.495400 0.829700 0.415067  
Cu 0.495400 0.829700 0.748400  
Cu 0.504600 0.670300 0.918267  
Cu 0.504600 0.670300 0.251600  
Cu 0.504600 0.670300 0.584933  
Cu 0.504600 0.170300 0.918267  
Cu 0.504600 0.170300 0.251600  
Cu 0.504600 0.170300 0.584933   
O 0.250400 0.177400 0.141733   
O 0.250400 0.177400 0.475067   
O 0.250400 0.177400 0.808400   
O 0.250400 0.677400 0.141733  
O 0.250400 0.677400 0.475067  
O 0.250400 0.677400 0.808400  
O 0.749600 0.822600 0.858267  
O 0.749600 0.822600 0.191600  
O 0.749600 0.822600 0.524933  
O 0.749600 0.322600 0.858267  
O 0.749600 0.322600 0.191600  
O 0.749600 0.322600 0.524933 
O 0.215500 0.440400 0.143000  
O 0.215500 0.440400 0.476333  
O 0.215500 0.440400 0.809667  
O 0.215500 0.940400 0.143000  
O 0.215500 0.940400 0.476333  
O 0.215500 0.940400 0.809667  
O 0.784500 0.559600 0.857000  
O 0.784500 0.559600 0.190333  
O 0.784500 0.559600 0.523667  
O 0.784500 0.059600 0.857000  
O 0.784500 0.059600 0.190333  
O 0.784500 0.059600 0.523667  
O 0.735100 0.190400 0.032733  
O 0.735100 0.190400 0.366067  
O 0.735100 0.190400 0.699400  
O 0.735100 0.690400 0.032733  
O 0.735100 0.690400 0.366067  
O 0.735100 0.690400 0.699400  
O 0.264900 0.809600 0.967267  
O 0.264900 0.809600 0.300600  
O 0.264900 0.809600 0.633933  
O 0.264900 0.309600 0.967267  
O 0.264900 0.309600 0.300600  
O 0.264900 0.309600 0.633933  
O 0.782100 0.453850 0.018200  
O 0.782100 0.453850 0.351533  
O 0.782100 0.453850 0.684867  
O 0.782100 0.953850 0.018200  
O 0.782100 0.953850 0.351533  
O 0.782100 0.953850 0.684867  
O 0.217900 0.546150 0.981800  
O 0.217900 0.546150 0.315133  
214 
 
O 0.217900 0.546150 0.648467  
O 0.217900 0.046150 0.981800  
O 0.217900 0.046150 0.315133  
O 0.217900 0.046150 0.648467  
W 0.021500 0.086750 0.084667  
W 0.021500 0.086750 0.418000  
W 0.021500 0.086750 0.751333  
W 0.021500 0.586750 0.084667  
W 0.021500 0.586750 0.418000  
W 0.021500 0.586750 0.751333  
W 0.978500 0.913250 0.915333  
W 0.978500 0.913250 0.248667  
W 0.978500 0.913250 0.582000  
W 0.978500 0.413250 0.915333  
W 0.978500 0.413250 0.248667  
W 0.978500 0.413250 0.582000  
 
K_POINTS automatic 



































nscf calculation – 6 unit cell(1 x 2 x 3 supercell) 
 
&control 
    calculation = 'nscf', 
    prefix='cuw6uc', 
    restart_mode='from_scratch', 
    outdir='/scratch/rgakhar/cuw/4ucn' 
    pseudo_dir = '/scratch/rgakhar/cuw', 




    ibrav= 14, 
    celldm(1) = 8.94, 
    celldm(2) = 2.50, 
    celldm(3) = 3.120805, 
    celldm(4) = -0.029264993, 
    celldm(5) = -0.043078844, 
    celldm(6) =  0.1252466553, 
    nat= 72, 
    ntyp= 4, 
    nbnd = 380, 
    ecutwfc = 40, 
    occupations= 'smearing', 
    smearing= 'm-v', 
    degauss= 0.05, 
 / 
&electrons 
  mixing_beta = 0.3 
  diago_full_acc=.true. 









Cu  63.546  Cu.pbe-n-van_ak.UPF 
W   183.84  W.pbe-nsp-van.UPF 
O   15.9994 O.pbe-van_ak.UPF 
Ni  58.6934 Ni.pbe_v1.4.uspp.F.UPF 
 
ATOMIC_POSITIONS crystal 
Ni 0.495400 0.329700 0.081733  
Cu 0.495400 0.329700 0.415067  
Cu 0.495400 0.329700 0.748400  
Cu 0.495400 0.829700 0.081733  
Cu 0.495400 0.829700 0.415067  
Cu 0.495400 0.829700 0.748400  
Cu 0.504600 0.670300 0.918267  
216 
 
Cu 0.504600 0.670300 0.251600  
Cu 0.504600 0.670300 0.584933  
Cu 0.504600 0.170300 0.918267  
Cu 0.504600 0.170300 0.251600  
Cu 0.504600 0.170300 0.584933   
O 0.250400 0.177400 0.141733   
O 0.250400 0.177400 0.475067   
O 0.250400 0.177400 0.808400   
O 0.250400 0.677400 0.141733  
O 0.250400 0.677400 0.475067  
O 0.250400 0.677400 0.808400  
O 0.749600 0.822600 0.858267  
O 0.749600 0.822600 0.191600  
O 0.749600 0.822600 0.524933  
O 0.749600 0.322600 0.858267  
O 0.749600 0.322600 0.191600  
O 0.749600 0.322600 0.524933 
O 0.215500 0.440400 0.143000  
O 0.215500 0.440400 0.476333  
O 0.215500 0.440400 0.809667  
O 0.215500 0.940400 0.143000  
O 0.215500 0.940400 0.476333  
O 0.215500 0.940400 0.809667  
O 0.784500 0.559600 0.857000  
O 0.784500 0.559600 0.190333  
O 0.784500 0.559600 0.523667  
O 0.784500 0.059600 0.857000  
O 0.784500 0.059600 0.190333  
O 0.784500 0.059600 0.523667  
O 0.735100 0.190400 0.032733  
O 0.735100 0.190400 0.366067  
O 0.735100 0.190400 0.699400  
O 0.735100 0.690400 0.032733  
O 0.735100 0.690400 0.366067  
O 0.735100 0.690400 0.699400  
O 0.264900 0.809600 0.967267  
O 0.264900 0.809600 0.300600  
O 0.264900 0.809600 0.633933  
O 0.264900 0.309600 0.967267  
O 0.264900 0.309600 0.300600  
O 0.264900 0.309600 0.633933  
O 0.782100 0.453850 0.018200  
O 0.782100 0.453850 0.351533  
O 0.782100 0.453850 0.684867  
O 0.782100 0.953850 0.018200  
O 0.782100 0.953850 0.351533  
O 0.782100 0.953850 0.684867  
O 0.217900 0.546150 0.981800  
O 0.217900 0.546150 0.315133  
O 0.217900 0.546150 0.648467  
O 0.217900 0.046150 0.981800  
O 0.217900 0.046150 0.315133  
217 
 
O 0.217900 0.046150 0.648467  
W 0.021500 0.086750 0.084667  
W 0.021500 0.086750 0.418000  
W 0.021500 0.086750 0.751333  
W 0.021500 0.586750 0.084667  
W 0.021500 0.586750 0.418000  
W 0.021500 0.586750 0.751333  
W 0.978500 0.913250 0.915333  
W 0.978500 0.913250 0.248667  
W 0.978500 0.913250 0.582000  
W 0.978500 0.413250 0.915333  
W 0.978500 0.413250 0.248667  




0.0 0.0 0.0 1 
0.5 0.0 0.0 2 
0.0 0.5 0.0 3 


































bands calculation – 6 unit cell(1 x 2 x 3 supercell) 
 
&control 
    calculation = 'bands', 
    prefix='cuw6uc', 
    restart_mode='from_scratch', 
    outdir='temp' 
    pseudo_dir = '/scratch/rgakhar/cuw', 




    ibrav= 14, 
    celldm(1) = 8.94, 
    celldm(2) = 2.50, 
    celldm(3) = 3.12, 
    celldm(4) = -0.029264993, 
    celldm(5) = -0.043078844, 
    celldm(6) =  0.1252466553, 
    nat= 72, 
    ntyp= 4, 
    nbnd = 380, 
    ecutwfc = 40, 
    occupations= 'smearing', 
    smearing= 'm-v', 




  mixing_beta = 0.1 







Cu  63.546  Cu.pbe-n-van_ak.UPF 
W   183.84  W.pbe-nsp-van.UPF 
O   15.9994 O.pbe-van_ak.UPF 
Ni  58.6934 Ni.pbe_v1.4.uspp.F.UPF 
 
ATOMIC_POSITIONS crystal 
Ni       0.487299670   0.322614343   0.083607327 
Cu       0.490659165   0.326090735   0.417564683 
Cu       0.487969910   0.325426151   0.750705004 
Cu       0.499934306   0.830753817   0.082644833 
Cu       0.495913871   0.826408471   0.415976350 
Cu       0.495425625   0.826078042   0.751216879 
Cu       0.502465227   0.672804575   0.917790230 
Cu       0.505729501   0.672969079   0.248893053 
Cu       0.505028601   0.672192293   0.583384398 
219 
 
Cu       0.507618195   0.173627809   0.916616344 
Cu       0.514197967   0.175537702   0.248969726 
Cu       0.507184042   0.171638175   0.583087455 
O        0.273772031   0.188536518   0.136994437 
O        0.253875539   0.175654310   0.476754763 
O        0.252094182   0.176658048   0.807606037 
O        0.247187815   0.672734610   0.143541435 
O        0.250911117   0.674380157   0.474815796 
O        0.245159892   0.672799851   0.812731104 
O        0.750702065   0.825844901   0.859025865 
O        0.761067902   0.831905485   0.185664972 
O        0.749110944   0.822930801   0.523309833 
O        0.741467754   0.319732640   0.858131389 
O        0.736703425   0.324202475   0.188619796 
O        0.746467326   0.323643133   0.524649346 
O        0.211239036   0.436158455   0.142119419 
O        0.211743997   0.439746052   0.476772382 
O        0.204992237   0.437424758   0.811351113 
O        0.232817053   0.949223975   0.141635123 
O        0.216677285   0.939243103   0.475651512 
O        0.219800270   0.940613381   0.809431188 
O        0.774200055   0.556193199   0.859239883 
O        0.778744492   0.556791822   0.191026525 
O        0.782595998   0.559326131   0.523836268 
O        0.789504221   0.060144955   0.855964029 
O        0.804375694   0.067088364   0.189461274 
O        0.786542105   0.058138118   0.523081790 
O        0.742496559   0.197925423   0.031766187 
O        0.736551470   0.191120771   0.365583627 
O        0.735060361   0.190711993   0.696580569 
O        0.728407350   0.689399881   0.032232980 
O        0.733971260   0.690374621   0.362878176 
O        0.731076403   0.689674207   0.699997671 
O        0.268858219   0.811316369   0.970163459 
O        0.273482391   0.810577697   0.299417229 
O        0.266024199   0.806839675   0.636066469 
O        0.261842097   0.309189537   0.971725399 
O        0.258650839   0.305916703   0.302647283 
O        0.263657401   0.308137974   0.635612458 
O        0.761812743   0.447020915   0.020435233 
O        0.774569677   0.451499898   0.351754009 
O        0.778985737   0.454250283   0.685278791 
O        0.797385188   0.963277822   0.018010658 
O        0.788183152   0.956066715   0.348993272 
O        0.785394098   0.954072198   0.684169684 
O        0.199254203   0.540346095   0.983263052 
O        0.207452570   0.540205000   0.314839071 
O        0.213484622   0.544415748   0.650321232 
O        0.228675303   0.052506942   0.979881048 
O        0.223265913   0.046513870   0.315560835 
O        0.219190509   0.043561866   0.647601487 
W        0.034946862   0.092196627   0.083123711 
220 
 
W        0.021138054   0.085966522   0.418326585 
W        0.020396557   0.086313748   0.749809192 
W        0.011664414   0.584139167   0.086802463 
W        0.015373442   0.584825645   0.418245416 
W        0.014699561   0.583398051   0.752844388 
W        0.985332466   0.916089879   0.914549768 
W        0.992191066   0.918505162   0.247648304 
W        0.983274747   0.912213310   0.581841803 
W        0.967892428   0.411892808   0.917292431 
W        0.975126775   0.411119055   0.250033040 




0.0 0.0 0.0   10 
0.0 0.0 0.5   10 
0.5 0.0 0.0   10 
0.0 0.0 0.0   10 
0.0 0.5 0.0   10 
0.0 0.0 0.5   10 
0.5 0.0 0.0   10 
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Stability of Photoactive Oxide Semiconductors 
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ZnxCd1-xSe quantum dot-sensitized TiO2 nanotube (TiO2 NT) 
array photoelectrodes were synthesized employing successive 
ionic layer adsorption and reaction (SILAR) technique. The 
influence of the number of deposition cycles and post-deposition 
annealing temperature on photoelectrochemical properties and 
stability behavior of photoanodes was investigated. The 
photoanodes were characterized using scanning electron 
microscopy (SEM), X-ray diffraction (XRD) and X-ray 
photoelectron spectroscopy (XPS) techniques. 
Photoelectrochemical measurements indicated that TiO2 NTs 
coupled with ZnCdSe quantum dots synthesized with 7 SILAR 
cycles, annealed at 400oC for 1hr under N2 atmosphere exhibited 
excellent photoelectrochemical properties. The high and stable 
photocurrent produced demonstrates the potential of ZnxCd1-
xSe/TiO2 heterostructure as an efficient photoanode. 
Introduction 
Quantum dots sensitized solar cells (QDSSCs) have attracted great attention in the past decade as a 
potential low cost and high efficiency alternative to dye-sensitized solar cells (DSSCs). Quantum 
dots offer some unique advantages over organic photosensitizer materials such as, tunable band 
gap (1) and multiple exciton generation (2). The most common substrate employed for QDSSCs is 
titanium oxide (TiO2) due to its excellent opto-electronic properties such as high photosensitivity 
(3), good biocompatibility (4), and non-toxicity (3). Among TiO2 nanostructured materials, 1-D 
nanotube arrays are mainly utilized for photoelectrochemical applications since they offer well-
defined channels for effective transport of photogenerated charges (5). However, the major 
disadvantage of TiO2 lies in the fact that it has a wide band gap of 3.2 eV, due to which it can only 
absorb in the UV region (5). To enhance the absorption in visible region, the most common 
strategy is to integrate the TiO2 with a low band gap semiconductor. This can be done either by 
doping or surface sensitization, which should allow the material to absorb in both UV and visible 
light regions (6). The general strategies include the in situ preparation of QDs onto the substrate 
material, either by chemical bath deposition (7) or by successive ionic layer adsorption and 
reaction (SILAR) method (8). These techniques offer high surface coverage of QDs and better 
control over film thickness (9). 
In recent years, sensitization of TiO2 as a visible light absorber using various 
semiconductor materials with narrow band-gap such as ZnS (10), CdS (11), CdSe (12), CdTe (13), 
Ag2S (5), MnTe (14) and CuInS2 (15) have been investigated. In the present work, we report the 
synthesis and photoelectrochemical analysis of TiO2 nanotube arrays modified with ZnCdSe 
quantum dots. To the best of our knowledge, there has been no report on fabrication of ZnxCd1-
10.1149/05841.0125ecst ©The Electrochemical Society
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xSe- sensitized TiO2 photoanode by SILAR process. It suggests that coupling of wide band gap 
semiconductors, such as TiO2 with ZnCdSe should allow increased absorption in both the UV and 
visible light regions of the solar spectrum, thus allowing better light harvesting, and resulting in 




The experimental procedure includes two steps – First, the synthesis of TiO2 nanotube arrays by 
anodization technique and second, the deposition of ZnCdSe QDs by SILAR method. 
 
Synthesis of TiO2 NTs 
 
Vertically aligned TiO2 NT arrays were grown on Ti foil using simple anodization 
technique reported previously (17, 18). Titanium (Ti) foils (99% purity, 0.005 inches thick) 
supplied by STREM chemicals were degreased by ultrasonic cleaning in 1:1 mixture of acetone 
and isopropyl alcohol (IPA) for 10 min prior to anodization. The anodization was carried out at a 
constant potential of 30V for 2 hr in a two-electrode cell with coiled platinum wire as cathode. 
Ethylene glycol with 0.5 wt% NH4F and 3 wt% water was used as the electrolyte solution. The 
anodized films were washed with IPA and annealed at 450oC under air for 2 hr to obtain the 
desired crystallization. 
 
Deposition of ZnCdSe Quantum Dots 
 
Simple and inexpensive SILAR deposition technique was utilized to deposit ZnCdSe 
quantum dots to TiO2 NT arrays. The process involved subsequent immersions of TiO2 nanotube 
substrate in solutions of 0.02 M Zn2+, followed by 0.02 M Cd 2+ and finally in 0.02 M Na2Se for 1 
minute. The Na2Se solution was generated in situ by the reduction of 0.02M Se metal with 0.04M 
NaBH4 and the solvent employed was 1:1 mixture of ethanol and H2O. After each immersion, the 
substrate was washed with the solvent (1:1 ethanol:H2O) for the same amount of time to avoid 
homogenous precipitation in the solution. The three-step dipping process comprises one SILAR 
cycle and the deposition was carried out for 3, 5 and 7 cycles. To study the effect of post-
deposition thermal treatment, the samples were annealed at temperatures of 200oC and 400oC 




Surface morphology and elemental analysis of the sensitized TiO2 films was examined 
using a Hitachi S-4800 scanning electron microscope equipped with an energy dispersive 
spectrometer (Oxford EDS system). The crystal structure of samples was interpreted using a 
PANalytical X’pert pro X-ray diffractometer with Cu Kα wavelength (λ = 1.54 Ȧ; 45 kV, 40 mA). 
The diffractograms were obtained in the 2θ range from 200 to 700. Light absorption properties 
were measured using a Shimadzu UV-2400 UV-Vis diffuse reflectance spectrometer over the 
range of 200-800nm. Stoichiometry measurements were performed by a Perkin Elmer Optima 
8000 Inductively-coupled plasma atomic emission spectroscopy (ICP-OES). The 
photoelectrochemical (PEC) characteristics of the films were recorded with a Gamry® Reference 
600 potentiostat. The measurements were conducted under ambient conditions with a custom 
made quartz window cell in a standard three-electrode configuration with TiO2 NT or sensitized 
TiO2 NT serving as the anode, coiled platinum wire as the cathode, and a Calomel electrode as the 
reference electrode. An aqueous solution of 0.35 M Na2SO3 and 0.25 M Na2S was employed as 
electrolyte. The photoanode was illuminated by a 300 W solar simulator supplied by Newport 
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126 ) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 134.197.63.20Downloaded on 2015-12-04 to IP 
222
equipped with xenon lamp and the incident light intensity was recorded as 310 mW/cm2. 
 




Figure 1 displays the UV-Vis diffuse reflectance spectra of unsensitized TiO2 NT, and 
TiO2 NT sensitized with ZnCdSe for 3, 5, and 7 SILAR cycles, and annealed at various 
temperatures. Figures 1a-c show the spectra for TiO2/ZnCdSe(3), TiO2/ZnCdSe(5) and 
TiO2/ZnCdSe(7) where the numbers in the parentheses indicate the number of cycles. The spectra 
reveal that the pure TiO2 NT film absorbs mostly in the UV region ( < 400 nm) which corresponds 
to its intrinsic band gap of 3.2 eV. After sensitization, TiO2/ZnCdSe films exhibit absorption in 
both UV and visible region suggesting that ZnCdSe species may result in enhanced 
photoconversion efficiency. With an increase in the number of deposition cycles, the optical 
absorption was found to increase abruptly. Also, the absorption edge was found to undergo a red 
shift, which can be attributed to the size quantization effect (18). With post-deposition thermal 
treatment under N2 flow, band edge was further shifted towards longer wavelength in all cases 
(absorption onset for the film annealed at 400oC in Fig. 1c occurs at approximately 730 nm). This 
indicates the high absorption coefficient of ZnCdSe quantum dots attached to NTs which extends 
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Figure 1. Optical absorption spectra of pure nanocrystalline TiO2 film, and the films sensitized 
with (a) TiO2/ZnCdSe (3), (b) TiO2/ZnCdSe (5), and (c) TiO2/ZnCdSe (7) at different annealing 
temperatures. Absorption edge was found to undergo red shift with increase in number of cycles.  
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Figure 2a shows the SEM image of unsensitized TiO2 NT arrays, highly oriented 
framework of nanotubes with a diameter of 70-80 nm and a wall thickness of approximately 10 nm 
is clearly evident. The SEM images of modified TiO2 NTs synthesized with different number of 
SILAR cycles are also shown. Figure 2b depicts the image of as-deposited (unannealed) film and 
films after thermal treatment at 200oC under nitrogen atmosphere are shown in Figures 2c-d. As 
observed from the images, the ZnCdSe particle loading can be readily controlled by the number of 
SILAR cycles. Figure 2b that only a few ZnCdSe QDs are deposited on the TiO2 NTs after 5 
cycles and they are dispersed all over the surface of NTs. With annealing (Figure 2c) the particles 
appear to fuse together forming a continuum of particles. With 7 cycles, the density of particles 







































    (c) 5 cy-200oC        (d) 7 cy- 200oC  
Figure 2. SEM images (top view) of (a) unmodified TiO2, (b) Unannealed (UA) TiO2/ZnCdSe(5), 
(c) TiO2/ZnCdSe(5)-200oC, and (d) TiO2/ZnCdSe(7)-200oC. 
 
The Energy Dispersive Spectroscopy (EDS) image of the sensitized TiO2 film is shown in 
Figure 3. The Ti and O peaks are due to TiO2 NTs, and Cd, Se, and Zn peaks, which are clearly 
visible in the spectrum, indicate the presence of these species on the surface of the film.
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Figure 3. EDX spectrum of ZnCdSe-sensitized TiO2. Peaks obtained indicate the presence of 




Small angle X-ray diffraction (SAXRD) pattern of TiO2 NT/ZnCdSe(7)-400oC is depicted 
in Figure 4. Several key observations can be noted by the analysis of pattern obtained. Annealing 
at 450oC leads to the formation of anatase phase of TiO2, which can be confirmed from the well-
resolved diffraction pattern of anodized Ti film indexed to JCPDS card no. 21-1272. Signal from 











Figure 4. XRD pattern of TiO2 NT/ZnCdSe(7)-400oC. The pattern obtained confirms the formation 
of CdSe on the surface of film. The absence of Zn indicates that Zn has not been incorporated into 
the lattice CdSe lattice structure. 
ECS Transactions, 58 (41) 125-136 (2014)
130 ) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 134.197.63.20Downloaded on 2015-12-04 to IP 
226
Patterns obtained from samples that underwent 7 cycles of SILAR deposition and thermal 
treatment under N2 indicate the presence of additional distinct signals at 2 values of 25.4o, 42.4o 
and 49.7o, which can be identified as (111), (200) and (311) planes of Cadmium Selenide (JCPDS 
card no. 19-0191). However, the strongest peak for CdSe (111) plane (at 25.4o) is difficult to 
identify as it coincides with (101) peak of anatase TiO2. The absence of Zn in the XRD pattern can 
be attributed to the fact that the Zn is present in very nominal concentrations. 
ICP Analysis 
The stoichiometry of ZnxCd1-xSe was determined using Inductively-coupled plasma atomic 
emission spectroscopy (ICP-OES). The results and stoichiometry calculations are summarized in 
Table 1. The low concentration of Zn is evident from the low value of x (about 0.3), which is in 
accordance with the other observed results. 
Ions Conc (ppm) Stoichiometry 
Cd2+ 162.38 1.6 
Se2- 151.56 2 
Zn2+ 16.67 0.3 
Table 1.  Stoichiometry calculations of ZnCdSe-sensitized TiO2 photoanodes by ICP analysis. 
Photoelectrochemical analysis 
Figure 5 shows the current-voltage (i-V) characteristics of TiO2 NT arrays loaded with 
different sequences of ZnCdSe and annealed at different temperatures under a constant 
illumination of 310 mW cm-2. Unsensitized TiO2 show relatively low photocurrent, ~1.3 mA/cm2 
at 0 V, due to limited absorption of visible light. Several key observations can be noted by 
performing a comparative analysis of i-V curves of samples formed with various cycles of 
deposition and thermal annealing temperature. First, photocurrent increased significantly with 
ZnCdSe loading. This can be attributed to the effective separation of photo-induced carriers at the 
TiO2-ZnCdSe interface resulting from the narrow band gap of the sensitizer. Second, the thermal 
treatment under nitrogen atmosphere results in the increase of photocurrent (films with 400oC 
showed the highest response with 3, 5 and 7 cycles of deposition), which can be attributed to 
increased particle density of nanocrystals with annealing as observed in Figure 2. Also, with an 
increase in the number of SILAR cycles (from 3 to 5 cycles) the photovoltaic performance of the 
sensitized photoanodes increases abruptly. This enhancement can be illuminated as a result of 
increased light absorption in the visible light range, as indicated in Figure 1. However, with further 
increase in SILAR cycles (from 5 to 7 cycles), the photoresponse and current efficiency were 
found to decrease. A possible reason for this decrease might be the conglomeration and growth of 
ZnCdSe QDs, which can limit the charge transport through TiO2 NTs. 
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Figure 5. i-V characteristics of different working electrodes measured under 310 mW/cm2 
intensity (a) TiO2-ZnCdSe(3) (b) TiO2-ZnCdSe(5) and (c) TiO 2-ZnCdSe(7). 5 cycle deposition 




The photoresponses of TiO2/ZnCdSe films with on-off cycles under visible light 
illumination are shown in Figure 6. The trend was repeated with 5 sec on-off cycles and indicates 
that the anodes are stable under photoillumination for 75 sec. These measurements indicate the 
reproducibility and stability of the photoresponses (19). As observed, the photocurrent increases 
abruptly upon illumination and remains constant as long as the light is on, but decreases back to its 
original value rapidly once the light source is turned off. 
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Figure 6. i-t characteristics of different working electrodes measured under 310 mW/cm2 intensity 
(a) TiO2-ZnCdSe(3) (b) TiO2-ZnCdSe(5) and (c) TiO 2-ZnCdSe(7). These measurements indicate
the reproducibility and stability of the photoresponses.
Conclusions 
A new TiO2/ZnxCd1-xSe photoanode material was prepared by deposition of ZnCdSe QDs onto 
TiO2 NT arrays using SILAR method. Compared with the unmodified TiO2 NT, the ZnCdSe-TiO2 
NT composites showed remarkably increased optical absorption and photocurrent density. The 
effect of number of SILAR cycles and post-deposition annealing temperature was investigated. 
Photoelectrochemical measurements indicated that ZnCdSe-TiO2 NT film synthesized with 7 
SILAR cycles and annealed at 400oC for 1hr under N2 exhibited excellent photoelectrochemical 
properties. Moreover, the ZnCdSe-TiO2 NT photoelectrode exhibited remarkably good stability 
during the PEC process, indicating promising practical application in photovoltaic cells. 
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Application of ZnxCd1!xSe-sensitized TiO2
nanotube arrays as photoanodes for solar cells†
Ruchi Gakhar, Augustus Merwin, Kodi Summers, Satyananda Kishore Pilli
and Dev Chidambaram*
This study reports the synthesis of ZnxCd1!xSe quantum dot-sensitized titania nanotube array
photoelectrodes using a successive ionic layer adsorption and reaction technique and evaluates the
photoelectrochemical performance as anodes. The effect of altering the number of sensitization cycles
and annealing temperature on optical and photoelectrochemical properties of prepared photoanodes
was studied. Surface morphology of the sensitized tubes was analyzed by scanning electron microscopy,
while the phase composition was determined using X-ray diffraction and X-ray photoelectron
spectroscopy techniques. Spectral response measurements indicated that TiO2 nanotube arrays coupled
with ZnxCd1!xSe quantum dots synthesized in 7 cycles of deposition and annealed at 300 "C for 1 h
under N2 exhibited excellent photoelectrochemical properties. The notably high photovoltaic
characteristics demonstrate the potential of the ZnxCd1!xSe/TiO2 heterostructure as an efficient
photoanode.
Introduction
The last few decades have witnessed signicant advances in
photovoltaic technology. Since the advent of DSSC technology
by O'Regan and Grätzel in 1991,1 there has been a surge in
interest in the design and synthesis of an efficient photoactive
material with optimal band gap for the sensitization of wide
band-gap semiconductor materials (such as TiO2 and ZnO). It is
well-known that TiO2 is a promising candidate material for
photovoltaic cells due to its intriguing physico-chemical prop-
erties, such as high photosensitivity2 and non-toxicity.2 Despite
its excellent electronic and optical properties, this material
poses some drawbacks which limit its efficiency as a promising
substrate material. This includes its high intrinsic band gap of
3.2 eV (l # 387 nm) for the anatase phase and a high recom-
bination rate of photogenerated electron–hole pairs.3 The high
bandgap results in absorption in the UV region which accounts
for less than 5% of the solar spectrum.4 The latter can be
mitigated by the use of 1-D nanostructures of titania instead of
nanoparticles.5 This strategy not only provides a direct and
efficient pathway for photogenerated charges,2,6 but also a
higher surface area for sensitizer deposition.7 However, to
improve the photoresponse of TiO2 in the visible region, various
approaches have been adopted, such as transition metal ion
doping,8 non-metal doping,9 noble metal doping,10 surface
modication by organic dyes11–14 and narrow band gap semi-
conductor materials.3,4,7,15–20 Compared with other sensitizers,
semiconductor quantum dots (QDs) have promising properties
as photosensitizers which include a tunable band gap,21
multiple exciton generation22 and a high absorption coeffi-
cient.23 Synthesis of binary and ternary quantum dots with
varied structural, compositional and photophysical properties
and their use as potential photosensitizer materials for wide
band gap semiconductors has been the subject of recent
reports.4,7,17,24–29 A common strategy is the ex situ approach,
which employs the use of linker molecules to bind pre-synthe-
sized quantum dots to TiO2.25,26 Another approach includes in
situ deposition of quantum dots by the use of chemical bath
deposition (CBD)28,30 or successive ion layer absorption and
reaction (SILAR) techniques.24,31,32
Compared to other techniques such as, spray pyrolysis,33
electrodeposition34,35 and electrophoretic deposition,36 the
SILAR method is particularly useful for introduction of various
dopants as well as tailoring of the surface properties of the
adherent via a simple and inexpensive deposition technique.31
The SILAR method is basically a modied version of the
chemical bath deposition technique. The advantages of the
SILAR method include better control over growth/deposition
and the lm thickness (by simply varying the number of depo-
sition cycles) since the cationic and anionic solutions are taken
in different vessels.32
Over the last decade, several studies have been reported on
sensitization of TiO2 using various narrow band-gap semi-
conductor materials such as ZnS,20 CdS,17 CdSe,15 CdTe,19 Ag2S,4
MnTe18 and CuInS2.7 In 2009, Lee et al. reported a CdS/CdSe
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co-sensitized TiO2 photoelectrode and it exhibited an efficiency
of 4.22% under 1 sun illumination.24 Later, Santra and Kamat27
synthesized a liquid junction Mn-doped CdS/CdSe QD solar cell
that demonstrated an efficiency of 5%. In another report,
Shanmugam et al. demonstrated the synthesis of the hetero-
junction ITO/TiO2/CdSe/ML-GO/Pt solar cell with a photo-
conversion efficiency of 4.1%.29 Sauvage and co-workers
electrodeposited CdSe onto TiO2 and the resulting material was
found to have a power conversion efficiency of 0.8%.37
Mukherjee et al. studied the effect of surface treatment on the
photoelectrochemical properties of CdSe-sensitized TiO2
nanotubes and found that treatment with TiCl4 resulted in 7.4%
increase in photovoltage.38 Recently, Song et al. prepared a TiO2/
CdSe/ZnS photoanode and a power conversion efficiency of
2.72% was observed.35
Although many binary semiconductor quantum dots have
already been investigated with TiO2 and related photoanodes,
ternary alloys such as ZnxCd1!xSe offer the advantage of fabri-
cation of the sensitizing material with tunable band gap and
conduction band edge just by the variation of the stoichiometry.
The ZnxCd1!xSe semiconductor alloy exhibits a bandgap of 1.6–
2.7 eV depending upon the composition,39,40 suggesting that its
coupling with wide band gap semiconductors, such as TiO2
would allow increased absorption in both the UV and visible
light regions of the solar spectrum, thus allowing better light
harvesting, and resulting in higher efficiency photoelectrodes.
In 2011, Li et al. studied the ZnxCd1!xSe–ZnO core–shell
nanostructures for photoelectrochemical hydrogen generation
that was found to produce a photocurrent density of "5.6 mA
cm!2 under 1 sun illumination.41 Myung et al. fabricated ZnO–
ZnxCd1!xSe core–shell nanowire arrays on ITO substrates by a
chemical vapor transport method and found that the shell with
x ¼ 0.2–0.3 resulted in the highest photoconversion efficiency.42
Recently, the authors demonstrated the viability of ZnxCd1!xSe
QDs to positively affect the photoelectrochemical properties of
TiO2 NTAs and the long-term stability of such ZnxCd1!xSe QD
sensitized TiO2 NTAs.43 While the present work was in progress,
emboldening data were reported by Yang et al. showing
phenomenologically that ZnxCd1!xSe QDs prepared through an
ion-exchange route also markedly enhances the performance of
the particulate TiO2 photoelectrode, although analysis of the
effect of SILAR deposited ZnxCd1!xSe QDs on TiO2 NTAs was
not the focus of that study.44 To the best of our knowledge, there
has been no report on fabrication of ZnxCd1!xSe-sensititized
TiO2 NTA photoanodes by the SILAR process. Moreover, the
number of deposition cycles and post-deposition annealing
temperature were found to have a pronounced impact on the
photoelectrochemical response of TiO2 NTAs, which has not
been investigated before. In the continuation of our previous
work, the present study evaluates the effect of interfacing TiO2
NTA photoanodes with ZnxCd1!xSe sensitization using the
SILAR method. In this study, ZnCdSe was deposited onto
anodized titania using the SILAR method and the PEC perfor-
mance of the resulting electrodes was evaluated. The surface
chemistry of the electrodes was studied using surface analytical
techniques. The stability of the electrodes was characterized
using both surface analysis and solution analysis.
Experimental details
Synthesis of TiO2 NT arrays
A detailed description of the anodization process used for
growth of nanotubes in this study has been described else-
where.16,45 Titanium (Ti) foils (99% purity, 0.005 inches thick)
were supplied by STREM chemicals. Foils of size "2.5 cm2 were
degreased by ultrasonic cleaning in the 1 : 1 mixture of acetone
(reagent grade) and isopropyl alcohol (IPA, ACS grade) for 10
min prior to anodization. The cleaned Ti strip was anodized at a
constant potential of 30 V for 2 h (Circuit Specialists power
supply CSI12001X) in a two electrode cell with a coiled platinum
wire as the counter electrode. Ethylene glycol (Sigma Aldrich,
99%) containing 0.5 wt%NH4F (Acros Organics, 98%) and 3 wt%
DI water was used as the electrolyte solution. Aer anodization,
the amorphous TiO2 lms were washed with IPA and annealed
at 450 $C under air for 2 h (at a slow heating rate of 4 $C min!1)
to obtain desired crystallization.
Deposition of ZnCdSe quantum dots
ZnCdSe quantum dots were attached to TiO2 NTAs using the
SILAR process. The process involved subsequent immersions of
the TiO2 NTA substrate in solutions of 0.02 M Zn2+ (zinc nitrate,
Fisher Scientic, 99.9%) followed by 0.02 M Cd2+ (cadmium
acetate, GFS chemicals, 98%) and nally in 0.02 M Na2Se. The
Na2Se solution was generated in situ by reducing Se metal with
0.04 M NaBH4 (Acros Organics, 98+%). All solutions were
prepared in 1 : 1 ethanol (ACS grade) : H2O solvent. The use of
ethanol as the solvent results in superior penetration within
TiO2 NTAs because of its lower surface tension.4 Aer each
deposition, the substrate was washed with 1 : 1 ethanol : H2O
solution for the same amount of time to avoid homogenous
precipitation in the solution. The three-step dipping process
comprises of one SILAR cycle and was carried out under
ambient pressure and temperature conditions. The deposition
was carried out for 3, 5, 7 and 10 cycles with 1 minute dipping
time per step. To study the effect of thermal treatment, the
samples were annealed at temperatures of 200 $C and 300 $C
under N2 atmosphere for 1 hour.
Characterization
The morphology of prepared lms was studied using scanning
electron microscopy (SEM) and the surface chemistry was
characterized using X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS), and photoabsorption properties
studied using UV-Vis spectrophotometry. The topological
features and surface morphologies of the sensitized TiO2 NTA
lms were examined by a Hitachi S-4800 scanning electron
microscope equipped with an energy dispersive spectrometer
(Oxford EDS system). The crystallographic interpretations were
performed using a PANalytical X'Pert Pro X-ray diffractometer
with Cu Ka wavelength (l ¼ 1.54 Å; 45 kV, 40 mA) and scanning
in the 2q range from 20$ to 80$. Light absorption properties
were measured using a Shimadzu UV-2400 UV-Vis diffuse
reectance spectrometer to detect light absorption over the
range of 200–800 nm. Stoichiometry measurements were
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performed by a Perkin Elmer Optima 8000 inductively-coupled
plasma optical emission spectrometer (ICP-OES). The sensi-
tized lm was dipped in concentrated aqua regia (1 : 3
HNO3 : HCl) solution which was further diluted to 10% (in
water) before analysis. XPS spectra were recorded using a PHI
5600 model X-ray photoelectron spectrometer (XPS) with a
monochromatic AlKa (1486.6 eV) excitation source. The spec-
trometer was calibrated to the Ag 3d5/2 line at 368.27 ! 0.05 eV.
The XPS spectra were recorded at 14 kV and 300 W, with an
analysis area of 800 mm2. The survey spectra were acquired at a
pass energy of 29.35 eV and narrow scans at 23.95 eV. Charging
effects were corrected using the adventitious C 1s line at 284.6
eV as an internal reference. All peaks were tted using SDP v4.6
Gaussian tting soware from XPS International and under-
went ve point smoothing. The photoelectrochemical (PEC)
responses of the samples were measured in a standard three-
electrode conguration where TiO2 NTA or sensitized TiO2 NTA
served as the anode; coiled platinum wire and a calomel elec-
trode served as the cathode and reference electrode, respec-
tively. The measurements were conducted under ambient
conditions in a custom made quartz window cell in an aqueous
solution of 0.35 M Na2SO3 and 0.25 M Na2S as the electrolyte. A
Gamry® Reference 600 potentiostat was used to control the
potential and to record the photocurrent generated. A 300 W Xe
lamp solar simulator supplied by Newport was used to illumi-
nate the photoanodes with 100 mW cm"2 intensity under
standard AM 1.5 (1 sun intensity) illumination. The light
intensity was measured using a Newport Thermopile Sensor
919P-003-10, 3 W, 10 mm aperture.
Results and discussions
Optical studies
The absorption spectra of ZnxCd1"xSe sensitized TiO2 NTAs
prepared through 3, 5, 7 and 10 SILAR cycles followed by
annealing at various temperatures are presented along with the
absorption prole of unsensitized TiO2 NTAs in Fig. 1. The
spectra are denoted as TiO2 NTA/ZnxCd1"xSe(3), TiO2 NTA/
ZnxCd1"xSe(5), TiO2 NTA/ZnxCd1"xSe(7), and TiO2 NTA/
ZnxCd1"xSe(10), where the number in the parenthesis indicates
the number of cycles of sensitization, and are shown in Fig. 1a–
d, respectively. The spectra reveal that the pure TiO2 NTA lm
absorbsmostly in the UV region (l < 400 nm) which corresponds
to its intrinsic band gap of 3.2 eV. The absorption peak below
400 nm is mainly due to the charge transfer from the valence
band of oxide anions (formed mainly by 2p orbitals) to the
conduction band of Ti4+ cations (formed mainly by 3dt2g
orbitals).46,47 A broad absorption shoulder observed around 500
nm can be ascribed to the oxygen-deciency in the lm.48 Aer
sensitization, the optical absorption is found to extend into the
visible region and the absorption edge is shied towards longer
wavelength. The red shi is more pronounced with the increase
in the number of SILAR cycles due to an increase in the thick-
ness of the deposited layer. This can be attributed to the size
quantization effect, as described elsewhere.49 Moreover, the
thermal treatment under N2 ow tends to introduce a shi in
the band edge towards longer wavelength in all cases
(absorption onset for the lm annealed at 200 #C in Fig. 1d
occurs at approximately 750 nm). This indicates the high
absorption coefficient of ZnxCd1"xSe quantum dots attached to
TiO2 NTAs which is extended to almost the whole visible region.
UV-Vis absorption spectra of lms with different deposition
cycles and annealed at 300 #C are shown in the ESI (Fig. S1†).
However, with loading higher than 7 cycles of deposition (10
cycles), a decline in overall absorption was observed, which can
be attributed to the aggregation of ZnxCd1"xSe nanocrystals.
The agglomerated nanocrystallites result in decreased photo-
current and hence are less effective as a sensitizer. Similar
results have been reported by Gao et al.50 and Feng et al.51 in the
case of CdTe-modied TiO2 nanotube arrays. Therefore, further
studies were limited to 3, 5 and 7 cycles of deposition.
Phase determination
The small angle X-ray diffraction (SAXRD) pattern of modied
and unmodied TiO2 NTAs is shown in Fig. 2. The diffraction
pattern of unmodied TiO2 NTAs exhibited peaks correspond-
ing to that of the anatase phase of TiO2 (JCPDS card no. 00-021-
1272, peaks labelled as ‘A’) along with the diffraction peaks of Ti
foil (JCPDS card no. 44-1294, peaks labelled as ‘T’). Fig. 2b
shows the XRD pattern of TiO2 NTA/ZnxCd1"xSe(7) lms before
and aer thermal annealing at 200 #C and 300 #C, respectively.
The XRD patterns reveal that signals from the as-deposited
sample match well with those of the pure TiO2 (anatase phase).
In comparison, XRD patterns aer thermal treatment under N2
indicates the presence of additional distinct signals at 2q values
of 25.4#, 42.4# and 49.7#, which can be identied as (111), (220)
and (311) planes of cadmium selenide (JCPDS card no. 19-0191).
However, the strongest peak for the CdSe (111) plane (at 25.4#)
is difficult to be identied as it coincides with the (101) peak of
anatase TiO2. This indicates that the SILAR deposition results
Fig. 1 Absorption spectra of the unsensitized nanocrytalline TiO2 NTA
film, and TiO2 NTA films sensitizedwith ZnxCd1"xSe for (a) 3 cycles (b) 5
cycles (c) 7 cycles, and (d) 10 cycles at different annealing tempera-
tures. The absorption edge was found to undergo the red shift with
increase in the number of deposition cycles.
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only in the physical adsorption of Cd and Se adatoms on the
surface of TiO2 NTAs, which manifest into a more crystalline
structure upon heat treatment in nitrogen. It can be noted
further that with increase in annealing temperature, the crys-
talline nature of quantum dots has been improved. The absence
of Zn in the XRD patterns can be attributed to the fact that Zn is
present in very nominal concentrations, as discussed later.
Microscopic analysis
Fig. 3 and 4 depict the representative SEM images of TiO2 NTA/
ZnxCd1!xSe composite lms before and aer thermal treatment
under nitrogen atmosphere. Fig. 4 shows lateral representative
images of the as-deposited TiO2 NTA/ZnxCd1!xSe lm (Fig. 4a)
and the lm aer annealing (Fig. 4b). Fig. 3a shows the typical
image of the as-deposited (unannealed) TiO2 NTA/ZnxCd1!xSe
composite lm, depicting the highly oriented framework of
nanotubes with a diameter of 70–80 nm and a wall thickness of
approximately 10 nm. The cross-sectional image (Fig. 4a)
reveals that NTAs are of 2–3 mm in length and are densely
packed together, depicting an ordered array of the nanotubular
structure. These vertically oriented NTAs not only provide a
large surface area for the deposition of QDs but also well-
dened channels for efficient charge transport. Representative
images of lms sensitized with 5 and 7 cycles of SILAR depo-
sition and annealed under nitrogen atmosphere are provided in
Fig. 3b–d, respectively. It is observed that in the case of the as-
deposited lm, the ne nanoparticles are strewn all over the rim
as well as inside of the NTAs. The particles were fused together
and resulted in an array of particles on TiO2 NTAs upon
annealing. These fused particles are present predominantly
along the mouth of the walls (Fig. 3b–d). Increasing the number
of SILAR deposition cycles of ZnxCd1!xSe on TiO2 NTAs resulted
in partial blocking of NTA opening due to the dense particle
Fig. 2 X-ray diffraction patterns of (a) undoped TiO2 NTAs and stacked
patterns of (b) TiO2 NTA/ZnxCd1!xSe(7) unannealed sample and
sample annealed at 200 "C and 300 "C respectively. The patterns
reveal that the CdSe phase appears with annealing.
Fig. 3 Scanning electron microscopy images (top view) of (a) TiO2
with as-deposited ZnxCd1!xSe(5), (b and c) TiO2 NTA/ZnxCd1!xSe(5)-
annealed, and (d) TiO2 NTA/ZnxCd1!xSe(7)-annealed. Images show
that NTAs are uniform and ZnxCd1!xSe are attached to the surface
of TiO2.
Fig. 4 Scanning electron microscopy images of the cross-section of
the sensitized TiO2 NTA/ZnxCd1!xSe film: (a) unannealed film and (b)
film annealed under nitrogen atmosphere. ZnxCd1!xSe can be seen
deposited on walls.
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loading. Fig. 4a and b indicate that aer sensitization followed
by the annealing process, the side walls of the TiO2 NTAs
become rough and possess ne particles scattered over the
surface. Fig. 4a and b also reveal the evidence of ne deposits of
ZnxCd1!xSe nanocrystals on the inner walls of the nanotubes.
This is expected since the inner walls provide less resistance to
mass transfer.
The energy dispersive spectrum of the sensitized TiO2 NTA
lm was recorded and is presented in Fig. 5. The peaks obtained
indicate the presence of Zn, Cd and Se on the surface of TiO2.
ICP analysis
The stoichiometry of the ZnxCd1!xSe deposit was determined
using ICP-OES. The obtained results and stoichiometry calcu-
lations are summarized in Table 1. The low concentration of Zn
is evident from the low value of x (about 0.14), which is in
accordance with the other observed results. The atomic ratio of
Zn : Cd was also analysed as a function of number of deposition
cycles. The ratio was found to be similar for all the lms. The
values for lms with 3, 5 and 7 cycles of deposition were found
to be 5.13 " 0.05, 5.15 " 0 and 5.10 " 0, respectively.
XPS analysis
To examine the chemical composition of the lms, the XPS
spectra of ZnxCd1!xSe lms deposited onto TiO2 NTAs were
recorded and are provided in Fig. 6. The gures exhibit the
detailed core-level scans of Cd 3d, Zn 3p and Se 3d regions. The
spin-orbit doublets at 411.8 and 405.0 eV (with a separation of
6.8 eV) correspond to Cd 3d3/2 and Cd 3d5/2 peaks, respectively
(Fig. 6a). The obtained values indicate the presence of the Cd–Se
bond52 since the peaks are shied towards higher binding
energy values compared to metallic Cd 3d peaks (3d3/2 – 411.6
eV, 3d5/2 – 404.8 eV). The Se 3d peak presented in Fig. 6b,
appears in a well-dened doublet associated with spin-orbit
coupling. B. Canava et al. presented a detailed study of Se 3d
suggesting that the shi between the two components associ-
ated with Se 3d5/2 (main and second contribution) varies with
the preparation technique of samples.53 The binding energy
values obtained for the Se 3d5/2 core level at 53.8 and 54.7 eV
(separation of 0.9 eV) are in well accordance with the values
reported for CdSe monocrystals.
The core-level spectra of Zn 2p are presented in Fig. 6c. The
Zn 2p peak splits into a doublet of 2p3/2 and 2p1/2 with a sepa-
ration of 23.1 eV. The two peaks observed at binding energy
values of 1021.7 and 1044.8 eV can be assigned to 2p3/2 and 2p1/2
peaks, respectively. The observed peaks can be attributed to the
presence of Zn atoms as Zn2+ on the surface of the material.54,55
Thus, Zn atomsmight replace some of the Cd atoms in the CdSe
structure and form a Zn–Se bond.
Photoelectrochemical measurements
Fig. 7 shows the current–voltage (I–V) characteristics of
various TiO2 NTAs measured in 0.25 M Na2S and 0.35 M
Na2SO3 electrolyte under a constant illumination of 100 mW
cm!2. The advantage of using a mixture of 0.25 M Na2S and
0.35 M Na2SO3 aqueous solution as the electrolyte lies in the
fact that Na2S in solution acts as a hole scavenger and
prevents the photocorrosion of CdSe by oxidizing into S22!.
Na2SO3 added to Na2S results in the reduction of disuldes
back to suldes, S22! + SO32! / S2! + S2O32!, which has been
shown to signicantly increase the amount of hydrogen
production at the cathode.56 Moreover, cadmium chalcogen-
ides have higher stability and photocurrent in the polysulde
redox electrolyte system than the I!/I3! redox system.19,57
Unmodied TiO2 NTAs produce a photocurrent of #0.4 mA
cm!2, due to limited absorption of visible light. Several key
observations can be noted by performing a comparative
analysis of I–V curves of ZnxCd1!xSe-sensitized TiO2 NTAs
formed with various cycles of deposition and thermal
annealing temperatures. First, for a particular set of deposi-
tion cycle, the thermal treatment under nitrogen atmosphere
resulted in an increase of photocurrent. The photocurrent
density of TiO2 NTA/ZnxCd1!xSe(3) is enhanced to 3.9 mA
cm!2 (39% increase) and 7.9 mA cm!2 (182% increase) aer
annealing at 200 $C and 300 $C, respectively compared to the
unannealed TiO2 NTA/ZnxCd1!xSe(3) lms (2.8 mA cm!2)
(Fig. 7a). The photocurrent values have been summarized in
Table T1 provided in the ESI.† Similar inuence of annealing
temperature on the photocurrent density enhancement is also
observed for TiO2 NTA/ZnxCd1!xSe(5) and TiO2 NTA/
ZnxCd1!xSe(7) lms (Fig. 7b and c). This can be attributed to
the increased particle size of nanocrystals with annealing (as
observed in Fig. 3 and 4) and enhanced crystallinity of
quantum dots as explained earlier in XRD results. Improved
crystalline nature results in better light-harvesting ability and
efficient charge transport.58,59
Fig. 5 Energy dispersive spectrum of ZnxCd1!xSe-sensitized TiO2
NTAs. Peaks obtained indicate the presence of Zn, Cd and Se species.
Table 1 Stoichiometry calculations of ZnxCd1!xSe-sensitized TiO2
NTA photoanodes based on results from ICP-OES analysis
Ions Conc. (ppm) Stoichiometry
Cd2+ 169 0.84 " 0.02
Se2! 147 1.00
Zn2+ 17 0.16 " 0.02
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Moreover, the open circuit potential was found to undergo
an anodic shi with increase in post deposition annealing
temperature. The change in the onset potential demonstrates a
shi of the Fermi level to a more negative potential with
increasing annealing temperatures.27,60 The shi in the Fermi
level can be ascribed to electron accumulation in the composite
lm leading to improved charge separation between TiO2 and
the sensitizer, and thus, enhanced photocurrent.61 Annealing
the samples further at 400 !C under N2 atmosphere was not
found to be effective as the lms produced lower photocurrent
densities compared to that of 300 !C annealed lms (not rep-
resented here).
Further, with the increase in the number of SILAR cycles
from 3 to 5, the photocurrent densities of TiO2 NTA/
ZnxCd1"xSe(5) lms that were annealed at 300 !C increased
signicantly and reached 11.48 mA cm"2 (Fig. 7b). This
enhancement can be envisioned as a result of increased light
absorption with increased ZnxCd1"xSe loading in the visible
light range, as indicated in Fig. 1. However, with further
increase in SILAR cycles (from 5 to 7 cycles), there is only a slight
increase in the photoresponse (12.70 mA cm"2 for 7 cycles of
deposition). The possible reasons for this observation might be
the agglomeration of nanocrystals and partial blocking of
nanotube openings by quantum dots, which can limit the
charge transport through them.19,50 It should be noted that the
repeated photocurrent values from samples prepared from
different batches may vary by a factor of #10% due to variation
in experimental conditions, however the trend remains
the same.
The increased photocurrent in the case of sensitized lms
might be attributed to smaller recombination and effective
charge transfer of photo-induced carriers at the TiO2–
ZnxCd1"xSe interface since the conduction band of the
Fig. 6 X-ray photoelectron spectra for the TiO2 NTA/ZnxCd1"xSe
composite film showing (a) Cd 3d peak (b) Se 3d peak and (c) Zn 2p
peak. The spectra indicate the presence of Cd2+, Zn2+ and Se2" on the
surface of the sensitized film.
Fig. 7 I–V characteristics of various ZnxCd1"xSe-sensitized working
electrodes measured under 100 mW cm"2 intensity (AM 1.5 global
filter): (a) TiO2 NTA/ZnxCd1"xSe(3), (b) TiO2 NTA/ZnxCd1"xSe(5), and (c)
TiO2 NTA/ZnxCd1"xSe(7). Current density increases by up to 30-fold
compared to unsensitized TiO2 NTAs.
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sensitizer lies above that of TiO2. A similar result has been
reported by Yang et al. in 2013.44 More importantly, the efficient
interfacial charge transfer between the ZnxCd1!xSe sensitizer
and TiO2 can be ascribed to the presence of Zn doping. To
support this hypothesis, a study was conducted with CdSe
loading only (with the same precursor solutions for the same
deposition time) and the lms were annealed at 300 "C under
N2 atmosphere. The I–V measurements were conducted for as-
deposited lms with 3, 5 and 7 cycles of deposition and lms
annealed at 300 "C (Fig. 8). The current recorded in each case
was found to be much lower than the respective ZnxCd1!xSe
loading on TiO2 NTAs. The results obtained indicate that Zn
doping has a signicant role in enhancing the photoresponse of
sensitized lms.
The photoresponse of TiO2 NTA/ZnxCd1!xSe lms under
discontinuous illumination is shown in Fig. 9. The measure-
ments were carried out at 0 V vs. SCE and indicate the repro-
ducibility and stability of the photoresponse.62 All the samples
show an abrupt change in current upon illumination. The
current retracts back to its original value rapidly once the light
source is turned off. The trend is repeated with 5 s on–off cycles
and indicates that the anodes are stable under photo-
illumination for 75 s. Long term I–t studies showed that the
photocurrent decreased by 53.88% aer 2 hours and by 79.6%
aer about 24 hours (Fig. S4†). The reproducibility and stable
photoresponse can be attributed to the formation of a coherent
ZnxCd1!xSe–TiO2 interface that allows efficient electron trans-
port from ZnxCd1!xSe into the TiO2 nanotubes. The photo-
electrochemical responses obtained in our study are higher
than the values reported previously for various sensitized-TiO2
photoelectrodes.4,5,7,15,51,60,56,63 Also, the results obtained in this
study are in agreement with results reported by Yang et al.44
The electronic properties of sensitized and unsensitized TiO2
NTA lms were determined using the Mott–Schottky (MS)
method. The measurements were performed at a frequency of
100 Hz, with the potential scan range from 0.5 to !1 V (vs. SCE)
under illumination. The Mott–Schottky technique is based on a
well-established theory of the semiconductor–electrolyte inter-
face,64–66 which exploits the linearity in 1/C2 vs. V curves to
determine charge carrier density (NA) and at-band potential















where C is the capacitance, e is the elementary electronic
charge, 3o is the permittivity in the vacuum, 3 is the dielectric
constant (8 for CdSe67 and 86 for TiO2 64), E is the applied
potential, k is the Boltzmann constant, T is the temperature,
and m is the slope of the linear portion (the potential range
within which the material behaves as capacitors) of 1/C2 vs. E
plots (depicted in Fig. 10).
The charge carrier densities were calculated to be 2.24 $
1020, 2.35 $ 1020 cm!3 and 2.77 $ 1020 for TiO2 NTA/
ZnxCd1!xSe(3), TiO2 NTA/ZnxCd1!xSe(3) and TiO2 NTA/
ZnxCd1!xSe(7) composite lms, respectively. The increase in the
charge carrier density (NA) with increase in the number of
deposition cycles indicates more effective charge separation,
which leads to the increased lifetime of photogenerated elec-
tron–hole pairs. The increased lifetime of the charge carrier
accounts for the enhanced photoelectrochemical performance
of the TiO2 NTA/ZnxCd1!xSe(7) composite lm.
The band gap of ternary alloy can be calculated based on the
quadratic equation,68,69
EgðZnxCd1!xSeÞ ¼ xEgðZnSeÞ þ ð1! xÞEgðCdSeÞ ! bxð1! xÞ
Fig. 8 I–V characteristics of various CdSe-sensitized working elec-
trodesmeasured under 100mWcm!2 intensity (AM 1.5 global filter): (a)
TiO2 NTA–CdSe(3), (b) TiO2 NTA–CdSe(5), and (c) TiO2 NTA–CdSe(7).
Current density is seen to be much lower than those seen for
ZnxCd1!xSe sensitized films shown in Fig. 7.
Fig. 9 I–t characteristics of various ZnxCd1!xSe-sensitized working
electrodes measured under 100 mW cm!2 intensity (AM 1.5 global
filter): (a) TiO2 NTA/ZnxCd1!xSe(3), (b) TiO2 NTA/ZnxCd1!xSe(5), and (c)
TiO2 NTA/ZnxCd1!xSe(7). The figure shows that the material is stable
and current density increases rapidly upon illumination.
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where, Eg(ZnSe) and Eg(CdSe) are the bulk gap of ZnSe (2.7 eV)
and CdSe (1.74 eV), respectively. The constant b (0.67 eV for
ZnxCd1!xSe) is referred to as the bowing parameter, which ari-
ses from various structural and electronic factors and alters the
band structure, as described previously.70,71 Substituting the
value of x (0.14) as estimated by ICP analysis, the calculated
value for Eg(ZnxCd1!xSe) is 1.79 eV. Schematic of the hypothe-
sizedmodel for electron transport from ZnxCd1!xSe QDs to TiO2
is presented in Fig. 11. An energetically favorable transfer of
electrons occurs from the conduction band of ZnxCd1!xSe to the
CB of TiO2.
Conclusions
In this study, ZnxCd1!xSe-sensitized TiO2 NTAs have been
reported as efficient photoanodes. The QDs were deposited by
the facile SILAR process onto TiO2 NTA walls prepared by a
simple anodization technique. The effect of SILAR cycles and
post deposition annealing temperature on optical and photo-
electrochemical properties of photoanodes was investigated.
The ZnxCd1!xSe-modied TiO2 NTAs exhibit up to a 30-fold
increase in the photocurrent density compared to unmodied
TiO2 NTAs, which can be attributed mainly to the extended
absorption in the visible region and better photogenerated
charge carrier separation. The optimum energy conversion
efficiency was obtained in 7 cycles of deposition. The results
indicate the potential of ZnxCd1!xSe/TiO2 NTA photoanodes as
a promising candidate for photovoltaic device applications.
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a  b  s  t  r  a  c  t
The  use  of  doped  luminescent  nanocrystals  or  quantum  dots  have  mainly  been  explored  for  imaging
applications;  however,  recently  they have  gained  interest  in  solar  energy  conversion  applications  due  to
long  electron  lifetimes,  tunable  band  gaps  and emission  by  compositional  control.  In this study,  we have
examined  the  application  of  Mn  or Co  doped  CdS  nanocrystals  as  a sensitizing  layer over  titania  nan-
otubular  arrays  synthesized  via electrochemical  anodization  in  photoelectrochemical  applications.  The
doped  and  undoped  CdS nanocrystals  were  simultaneously  synthesized  and  deposited  onto  the titania
surface  by  adoption  of a successive  ion layer  adsorption-reaction  (SILAR)  method.  Various  characteriza-
tion  methods  indicate  lattice  incorporation  of the  dopant  within  CdS.  The  addition  of dopants  to  CdS was
found  to  improve  the  photoelectrochemical  performance  by  increasing  the  depletion  width  of  the  CdS
nanocrystals  and reducing  recombination  losses  of  charge  carriers.
©  2014  Published  by  Elsevier  Ltd.
1. Introduction
Nanocrystalline/quantum dot metal chalcogenides (i.e., S, Se, Te)
have received considerable interest within the last decade due to
their unique optical properties and the ability to precisely tune the
optical properties for specific catalytic and technical applications
[1,2]. For example, when used as sensitizers/absorber layer with
wide band gap semiconductors (e.g. TiO2 and ZnO) in solar energy
conversion systems, the visible light/near infrared light absorbance
can be modulated by changing the particle size as a result of quan-
tum confinement effect. However, simply changing the particle size
of the deposited nanocrystal semiconductors can have considerable
limitations, and in some applications the quantum confinement
effects vanish due to particle agglomeration and/or sintering either
through synthesis techniques or over extended catalytic use.
One  method to alter the intrinsic electronic properties of II-IV
semiconductors without changing the particle size is by introduc-
ing optically active metal dopants, which can be controlled to tune
the material’s optical, luminescencet, or magnetic properties [3].
For example, Bhargava el. al [4] first reported doping ZnS nanoparti-
cles with Mn2+ and examined the photoluminescence and observed
∗ Corresponding author. Tel.: +01 (801)5735614; fax: +0018105814937.
E-mail address: mano.misra@utah.edu (M.  Misra).
a high quantum yield at room temperature. Both ZnS and CdS
doped with Mn  have orange luminescence (580∼590 nm)  due to
Mn d-d (4T1-6A1) transition, which is both spin and orbital for-
bidden. These properties arise from the strong exchange coupling
between the localized moments of the paramagnetic dopant (i.e.
Mn)  and the band structure of the semiconductor [5]. The dopant
ions can act as shallow trap states thereby extending the lifetime
of charge carriers. In imaging/display applications, the trap states
act as recombination centers which result in strong characteristic
luminescence signals. The narrow emission band, broad excitation
band, and better photochemical stability make these luminescent
nanocrystals better candidates over traditional dyes [6].
Reports  on the technical applications of these types of materi-
als have mainly been in the realm of biological applications such as
imaging, targeting, and therapy [2]. The extended lifetime of charge
carriers as observed in Mn  doped CdS, for example, could be advan-
tageous to improve the performance of solar energy conversion
systems. When doping with Mn,  for example, the photoinduced
electrons in the conduction band of CdS are transferred to the
Mn 4T1 state, which temporarily traps the electrons and prevents
recombination with holes or oxidized electrolyte species. Lee et al.
[7] reported the advantages of using optically active metal dopants
in a nanocrystalline solar cells by sensitizing mesoporous titania
with a Mg-doped CdSe/CdSe layer achieving 1% efficiency in solar
power conversion. Recently, Santra and Kamat demonstrated that a
http://dx.doi.org/10.1016/j.electacta.2014.05.005
0013-4686/© 2014 Published by Elsevier Ltd.
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quantum dot sensitized solar cell with Mn-doped-CdS/CdSe sensi-
tizer layer over mesoporous titania can achieve a power conversion
efficiency of 5% [8]. Luo et al. constructed a similar solar cell con-
sisting of core-shell CuInS2-Mn  doped CdS sensitizer layer and
reported a power conversion efficiency of 5% as well [9]. The use
of other metal dopants such as Cu [10], Co [11], and Sb [12] have
also been employed to enhance the performance of PbS/CdS, CdSe,
CdS photoelectrochemical cells, respectively. The long lifetime of
charge carriers attributed to the dopant coupled with an appro-
priate redox couple to scavenge holes leads to the enhanced cell
performance.
Self-organizing titania nanotube arrays (T-NTA) synthesized by
electrochemical anodization [13] is a widely studied material due
to its robust synthesis process, while continuing to demonstrat-
ing a number of technical and catalytic applications [14,15]. This
material has been widely investigated for photoelectrochemical
and photocatalytic applications [16–18] proving its superior per-
formance over mesoporous or nanoparticle titania films due to
its highly ordered 1D structure than enables enhanced charge
transport properties [19,20]. Sensitization of T-NTA with CdS
nanocrystals has been carried out through a variety of deposition
methods [21–27]. The results presented in these works demon-
strate improved photoelectrochemical performance of T-NTA as
well as increased visible light utility attributable to CdS. In a pre-
vious report by one of the authors [28], the addition of a titania
nanoparticle (T-NP) layer over T-NTA has shown to improve the
CdS loading and photoelectrochemical performance when com-
pared to a T-NTA-CdS system. The addition of the T-NP layer helps
to increase surface area, light scattering, and sensitizer anchoring
[29–34]. The roll of titania nanotubes for this application is two  fold:
i) high surface area electrode for anchoring of CdS nanocrystals and
(ii) reduce recombination losses by separating photoinduced elec-
trons and holes. Depending upon the geometry, titania nanotubes
can have a surface area in the range of approximately 40–80 m2/m2-
substrate; moreover, with the addition of a titania nanoparticle
layer the surface area is potentially be increased. The titania
nanoparticle layer allows for more anchoring of CdS nanocrystals to
the surface and thereby increased photocurrent density. If the CdS
were deposited onto Ti, injected electrons into Ti would recombine
easily with generated holes in the CdS layer owing to direct con-
tact between conductive Ti and CdS layer. Although titania is only
active under UV irradiation, the titania layer allows photoinduced
carriers to separate easily in the TiO2/CdS heterojunction, which
results in improved photocurrent density and quantum efficiency
[23,35,36].
It is envisaged that development of a doped-CdS/T-NP/T-NTA
nanoarchitecture, improved photoelectrochemical responses can
be realized. This study aims to characterize Mn  or Co doped CdS
nanocrystals deposited on a T-NP/T-NTA nanoarchitecture via suc-
cessive ionic layer adsorption and reaction (SILAR) method and
ascertain their photoelectrochemical responses. Previous studies
have limited their focus to overall cell performance and have not
examined (electrochemically) in detail the anodes themselves.
2.  Experimental
2.1. Titania nanotube synthesis
Sonoelectrochemical anodization of titanium foils (0.2032 mm
thick, ESPI Metals, G1 grade) was conducted as reported previously
[37,38]. In summary, Ti coupons (∼1.5 x ∼1.5 cm)  were briefly pol-
ished with emory paper and degreased in acetone/isopropanol by
sonication for 5–10 min. After rinsing with DI water, the Ti coupon
was subject to sonoelectrochemically anodization at 60 V (D.C.)
for one hour in a fluorinated ethylene glycol electrolyte (0.5 wt.%
Table 1
Sample preparation steps and names as described in the body of the text.





NH4F + 2 wt.% H2O) using a Pt mesh counter electrode. To apply
ultrasonic waves during anodization, the beaker containing the
anodization electrolyte was submerged in an ultrasonic bath (Bran-
son 5510, 100 W,  42 kHz). Cooling was supplied to the ultrasonic
bath to maintain an electrolyte temperature at 30 ◦C. A depic-
tion of the experimental setup for sonoelectrochemical anodization
can be viewed in our recent review article [17]. Post sonoelectro-
chemical anodization, the anodes were rinsed and sonicated in DI
water for two  min. and subsequently dried under vacuum at 110 ◦C
overnight. After annealing at 350 ◦C for two hours in air, nanopar-
ticles of titania were deposited onto the nanotubes by treatment in
0.2 M TiCl4 at 65–70 ◦C in a sealed reactor for 20 min. followed by
washing with ethanol and DI water. A second annealing was  again
performed at 450 ◦C for two  hours in air [28,31].
2.2. CdS Nanocrystal deposition
Deposition  of CdS nanocrystals was  carried out using a subse-
quent ionic layer absorption reaction (SILAR) technique similar to
previous reports [8,28]. One SILAR cycle consisted of dipping an
annealed T-NTA sample in 0.1 M Cd(NO3)2 of a mechanically stirred
methanol bath for one min. followed by washing with methanol
and subsequently dipping in a 0.1 M Na2S in methanol/water solu-
tion (50/50 vol.) for one min. under magnetic stirring followed by a
final washing in methanol/water. After eight SILAR cycles, the sam-
ples were dried under vacuum at 110 ◦C overnight. Incorporation
of Mn2+ or Co2+ was carried out by adding 0.075 M Mn(CH3CO2)2
or Co(CH3CO2)2 into the Cd(NO3)2 solution prior to carrying out
SILAR deposition. Sample names have been assigned based on their
various stages of synthesis and are outlined in Table 1.
2.3.  Characterization
Scanning electron micrographs and electron dispersion spec-
troscopy mapping were collected using a Hitachi S-4800 SEM with
an Oxford EDS detector. Surface composition was analyzed by
XPS (Phi 5600 model). The spectrometer was  calibrated to the
Ag 3d5/2 line at 368.27 ± 0.05 eV and the excitation source was
monochromatic AlK! (1486.6 eV). The vacuum in the analyzing
chamber was  maintained less than 1 × 10−9 Torr and the analy-
sis area was  800 "m2. The survey spectra were acquired at a pass
energy of 29.35 eV and narrow scans at 23.95 eV. Charging effects
were corrected using the adventitious C 1s line at 284.6 eV as an
internal reference. All peaks were fitted using SDP v4.6 Gaussian
fitting software from XPS International and underwent five points
of smoothing. XRD analysis was  carried out using a Rigaku Miniflex
XRD (CuK! = 1.54059 Å) from 2# = 20 to 60 degrees with a step size
of 0.01 degrees and dwell time of 0.5 degrees/min. The XRD data
was analyzed using Rigaku PDXL2 analysis software. Raman Spec-
tra was recorded using a Thermoscientific DXR Raman microscope
operated with a 532 nm laser. A total of 64 exposures were recorded
with 2 seconds per exposure. The sample was analyzed through a
25 "m pinhole at optical magnification of 500x. Absorbance spectra
were measured using a Shimadzu UV3600 Spectrophotometer.
The photoelectrochemical performance of the prepared anodes
was carried out in a previously described experimental setup [39].
The anodes were irradiated at 100 mW/cm2 AM 1.5 irradiation
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Fig. 1. Scanning electron micrographs of plain T-NTA top view (a) and sidewall view (a’). After treatment of plain T-NTA with TiCl4, titania nanoparticles are homogeneously
deposited along the tops (b) and along the walls of the nanotubes (b’).
in a 0.25 M Na2S + 0.35 M Na2SO3 electrolyte (pH = 12.2). Poten-
tiodynamic (J-V) measurements were performed by polarizing
from open circuit potential to 0.2 V (all potentials vs. Ag/AgCl)
while potentiostatic (J-t) measurements were recorded at 0 V
under chopped light irradiation. Potentiostatic electrochemical
impedance spectroscopy (EIS) was carried out during irradiation
at open circuit potential and measured within the frequency range
of 10,000–0.01 Hz with an AC potential of 10 mV.  Mott-Schottky
analysis was carried out by polarizing from –0.6 V to −1.2 V without
illumination at 3000 Hz and 10 mV  AC potential.
3. Results and discussion
3.1.  Scanning Electron Microscopy
Scanning electron micrographs were collected to analyze the
morphology of the surface and sidewalls of the prepared photoan-
odes. From the top view of plain T-NTA (Fig. 1a) well-ordered arrays
of individual tubes are visible, with hexagonal arrangement of the
nanotubes. The average nanotube diameter and wall thickness was
estimated to be 110 ± 8 nm and 9.1 ± 0.98 nm,  respectively, while
the nanotube length (Fig. 1a’) is estimated to be 9.7 ± 0.90 !m.  The
highly ordered nanotube arrangement of the nanotubes and long
length achieved in one hour of anodization is attributed to the low
water content of the anodization solution and application of ultra-
sound during the anodization process [15,37]. Higher water content
(>2 wt.%) in non-aqueous anodization electrolytes (i.e., ethylene
glycol) generally forms more compact oxide layers. For example,
anodization under otherwise similar conditions, in the absence of
ultrasound and a 10 wt.% water content, T-NTA lengths of ∼2 !m
can be expected [39]. The application of ultrasound during anodiza-
tion also increases nanotube growth kinetics by increasing diffusion
of active chemical species that participate during the anodization
process. The combination of the low water content anodization
electrolyte and ultrasonic agitation thus lead to highly ordered, long
T-NTA.
Fig. 2. Scanning electron micrographs of NTNP-CdS (a), NTNP-CdS-Mn (b), and NTNP-CdS-Co (c). The sidewall views (a’, b’, c’) also show decoration of CdS particles along
the  tube walls.
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Table  2
Summary of binding energy of peaks (eV) obtained from XPS analysis.
(eV) Cd 3d5/2 Cd 3d3/2 Cd 3p3/2 Cd 3p1/2 S 2p3/2 S 2p1/2
NTNP-CdS 405.3 412.0 618.2 652.5 161.5 162.7
NTNP-CdS-Mn  405.2 412.0 618.1 652.5 161.5 162.7
NTNP-CdS-Co  405.1 411.9 618.0 652.2 161.4 162.6
Treatment of T-NTA with TiCl4 followed by calcination results
in homogeneous deposition of T-NPs throughout the T-NTA frame-
work (Fig. 1b and Fig. 1b’). The T-NPs are approximately 8–9 nm in
size and are found to decorate the tops, as well as the inner and
outer walls, evenly along the length of the nanotubes. The average
internal diameter and wall thickness for NTNP samples was esti-
mated to be 94.6 ± 7.2 nm and 18.4 ± 2.0 nm,  respectively. Similar
observations have been reported elsewhere [31]. The deposition
of CdS or doped-CdS via the SILAR process shows distinct particle
deposition of nanosized CdS crystals compared to NTNP samples
(Fig. 2). The crystallite deposits appear to be 6–7 nm in size and
are deposited on the top surface of the nanotubes as well as evenly
decorated along the inside and outside of the nanotubes. After CdS
deposition the average inner diameter decreased to 81.9 ± 6.8 nm
while the average wall thickness increased to 24.9 ± 4.2 nm.  The
uses of a solvent with lower surface tension (methanol vs. water)
for the SILAR deposition allows cadmium and sulfur ions to easily
diffuse along the length of the nanotube as opposed to only deposit-
ing along the top of the nanotubes often observed when water is
used as the solvent for SILAR deposition [28].
3.2. X-ray photoelectron spectroscopy and Energy dispersion
spectroscopy
The  core level spectra of undoped CdS and doped CdS films are
depicted in Fig. 3 and peak values are listed in Table 2. The Cd 3d
peak appears as a doublet of 3d5/2 and 3d3/2 with a separation of
6.7 eV due to spin-orbit interaction. For pure CdS film, this dou-
blet appears at 405.3 eV (3d5/2) and 412.0 eV (3d3/2). The values
observed are shifted towards higher binding energy compared to
metallic Cd 3d peak (404.8 eV (3d5/2), 411.6 eV (3d3/2)), indicating
the formation of a Cd-S bond [40]. The S 2p level spectra of undoped
CdS and doped CdS has two component peaks for S 2p level and are
observed to have binding energy values of 161.5 eV and 162.7 eV
corresponding 2p3/2 and 2p1/2 states, respectively (Fig. 3). For pris-
tine CdS, the binding energy values of components, as well as the
intensity ratio (2:1) and the separation value (1.2 eV) correlate well
with the earlier reports available in the literature for CdS and can
be attributed to for pure CdS [40].
The core-level spectrum of Mn-doped and Co-doped CdS is
shown in Fig. 4. The results indicate that the concentration of
dopants is nominal. For Mn,  the decoupling of the broad sig-
nal observed generates two components of 2p3/2 at 641.8 eV and
640.7 eV. The values obtained are higher than metallic Mn  2p3/2
(637.7 eV), which indicates the presence of Mn2+ species [41]. The
oxidation state of Co in the Co doped CdS sample could not be accu-
rately established since the intensity of the peaks was only slightly
above background. However, the peak fitting of the observed data
resulted in two component peaks observed at 795.1 eV (Co 2p1/2)
and 779.7 eV (Co 2p3/2) with a separation of 15.4 eV. These values
are higher than metallic Co 2p peaks, thus ruling out the presence
of elemental Co; moreover, the values are close to the reported val-
ues corresponding to the Co2+ state [42]. The presence of satellite
peak (785.4 eV) between two peaks also confirms the presence of
Co2+ state [43].
From Table 2, it can be seen that with the addition of dopants,
the Cd 3d and Cd 3p peaks shift to a lower binding energy. Overall,
Fig. 3. Cd 3d and S 2p level x-ray photoelectron spectra of the samples. By the
addition  of Mn  or Co dopant, noticeable shifts in Cd 3d and S 2p peaks to lower
binding  energy are observed compared to plain CdS (NTNP-CdS).
there is a general shift to a lower binding energy for both Cd and
S, implying the chemical nature of their bonding has changed with
the addition of Mn  or Co dopants. The larger shift in binding energy
with Co dopant over Mn  is due to the greater electronegativity of
Co over Mn  (Co = 1.88, Mn  = 1.55, Pauling scale).
Energy  dispersive spectroscopy analysis of an area of approx-
imately 0.9–1.0 !m2 (Appendix A: Supplementary data, Fig. S1)
was carried out in multiple locations of pure CdS and doped-CdS
samples as this technique has a greater sampling depth (∼1 !m)
than XPS [44]. In undoped samples, the Cd:S atomic ratio (1.06)
was near unity, indicating the formation of predominantly stoichio-
metric CdS. With the addition of dopants, the atomic ratio of Cd:S
decreased to 0.95 ± 0.04 for Mn  and 0.87 ± 0.01 for Co. It was also
found that the CdS loading (15.6 ± 1.28 wt.%) was not greatly influ-
enced by the addition of Mn  or Co species, which were determined
to be ∼1 at.% for both Mn  and Co.
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Fig. 4. Mn  and Co 2p level x-ray photoelectron spectra of NTNP-CdS-Mn and NTNP-
CdS-Co, indicating the presence of predominantly Mn2+ and Co2+.
3.3. X-ray diffraction
The  primary phase of titania was identified as anatase by the
reflection at 2! = 25.3 (PDF file #: 01-075-2552) and subsequent
diffraction peaks, labeled as ‘A’ (Fig. 5). The underlying titanium
substrate (labeled ‘T’) was also identified (PDF file #: 01-074-7075).
The peak position for undoped CdS (Fig. 5, NTNP-CdS) matches well
with that of CdS in the wurtzite phase (PDF file #: 01-074-9665).
Although many of the titania anatase peaks overlap with the wur-
tize phase of CdS, this phase was further confirmed by an observed
increase in the FWHM of the Ti peak at 2! = 35◦ due to the (102) wur-
tize plane. With the addition of Mn  and Co, it was observed that the
peak positions of CdS shift to a higher angle relative to plain CdS.
The lattice parameters a and c were calculated for the hexagonal
phase of CdS from the XRD data as 0.4052 and 0.6653 nm,  respec-
tively (Table 3). It was found with the addition of Mn  or Co the lattice
parameters decrease, which suggests lattice compression due to the
substitution of Mn  or Co that have smaller ionic radii compared to
Table 3
Summary of lattice constant values obtained from the XRD profiles.
NTNP-CdS NTNP-CdS-Mn NTNP-CdS-Co
a (nm) 0.4052 0.4042 0.4013
c (nm) 0.6653 0.6642 0.6575
Fig. 5. X-ray diffraction patterns of the photoanodes. Titania is identified as predom-
inantly anatase phase (peaks labeled ‘A’) and CdS is identified as hexagonal wurtzite
phase (peaks labeled ‘C’). Peaks identified as the underlying titanium substrate are
index with ‘T’.
Cd (Table 3). Similar observation in lattice parameter compression
due to Mn  [45] and Co [46] doped CdS has been reported.
3.4. Raman spectroscopy
The  Raman spectra of NTNP, NTNP-CdS, and doped NTNP-CdS
are shown in Fig. 6. The tetragonal structure the anatase phase tita-
nia for NTNP samples is identified by the characteristic features
at 146, 197, and 635 cm−1 for the Eg vibrational mode, 396 and
519 cm−1 for B1g and, one mode of A1g symmetry at 513 cm−1 over-
lapping the B1g mode at 519 cm−1 [47,48]. The Raman spectrum of
NTNP-CdS shows a feature at 304 cm−1, which can be assigned to
the first-longitudinal optical (1LO) phonon scatter mode of CdS.
The vibrational modes for anatase titania are found to increase in
intensity for all CdS loaded samples, implying the deposited CdS
nanocrystals directly interact with titania due to a difference in
surface phases. With the addition of Mn  or Co to CdS, the 1LO
mode (Fig. 6b) as well as its second overtone (2LO) at 599 cm−1
(Fig. 6c) was observed to increase in intensity. Spectroscopic and
theoretical studies conducted by Zhao et al. [49] on Mn  doped CdS
show that the enhancement in 1LO intensity is caused by intersti-
tial Mn  dopants, which decrease the CdS nanocrystal deformation
potential due to the dielectic constant of the dopant which in turn
enhances the coupling between the LO phonon and surface plas-
mon. Additionally, a slight red shift in the 1LO peak is observed for
NTNP-CdS-Mn and NTNP-CdS-Co compared to NTNP-CdS. The red
shift implies a small relaxation of compressive strain on the CdS
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Fig. 6. (a) Raman spectra of the photoanodes. With the addition of Mn  or Co to CdS, an increase in the first longitudinal optical phonon mode (1LO) signature at 304 cm−1 is
observed as well as s slight shift to lower wavenumber (b). An increase in the overtone feature (2LO) with the addition of Mn or Co compared to plain CdS is also observed (c).
nanocrystal surface [50], which is consistent with the reduction in
lattice parameters determined from XRD analysis.
3.5. UV-vis diffuse-reflectance
Fig.  7 shows the UV-visible light absorbance spectra recorded
from each of the photoanodes. The plain NTNP sample gives a typ-
ical optical signature for titania nanotubes [39]. A change in the
coloration of the sample is noted when CdS is deposited from a
blue-grey to a distinct yellow (picture insets, Fig. 7). An absorbance
edge ∼540 nm and absorbance peak ∼420 nm are two  characteristic
features noted for the absorbance of NTNP-CdS. Similar absorp-
tion spectra for films prepared in a similar manner to those in the
current study have been reported in earlier work [28]. The addi-
tion of Mn  ions during the SILAR deposition of CdS results in a
Fig. 7. UV-vis absorbance spectra with photographs of the photoanodes. The addi-
tion of Mn or Co shows increased visible light absorbance.
reddish-yellow CdS layer with a noticeable red-shift in absorbance
edge of ∼25 nm.  A similar trend is noted for NTNP-CdS-Co sam-
ples, however the color change and absorption band shift are much
greater. A dark brown hue of the surface for Co doped CdS is noted
while an absorption band red-shift of ∼50 nm is also noted. It is well
established that CdS nanocrystals demonstrate size-dependence
light absorbance [51]. Further, a red-shift in absorbance edge with
increasing SILAR deposition cycles has been observed due to CdS
layering/particle aggregation [36]. It should be noted that the same
number of SILAR cycles was performed on all samples (i.e., doped
vs. undoped CdS) and the SEM/EDS analysis revealed the addition
of dopants did not affect the CdS particle size nor loading greatly.
Thus it can be inferred that the red shift in absorbance is due to Mn
or Co dopants as supported by the XPS, XRD and Raman studies. The
photoelectrochemical studies estimating the flat-band potential of
the photoanodes also suggest a reduction in band gap (vide infra).
3.6.  Photoelectrochemical characterization
Visible light assisted photoexcitation of the NTNP-CdS pho-
toanode with subsequent charge transport mechanism can be
summarized by the following reactions:
CdS + h! → CdS(e + h) (1)
CdS(e + h) → CdS + h! + !(heat) (2)
CdS(e) + TiO2→ CdS + TiO2(e) (3)
CdS(h) + Red → CdS + Ox (4)
where  equations 1-2 are the photoexcitation and recombination
events, equation 3 is the electron transfer from CdS to TiO2, and
equation 4 is the hole transfer from CdS to the redox couple (Red)
resulting in oxidized products (Ox). The electrons transferred to
titania via equation 3 are collected and result in the generation of
anodic current. Effective scavenging of holes accumulated in the
valance band of CdS is an essential part to maintain stability of the
CdS absorber layer (eqn. 4). If the hole accumulation becomes too
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Fig. 8. Potentiodynamic (a) and potentiostatic (b) plots of the photoanodes under irradiation (AM 1.5, 100 mW/cm2) in 0.25 M Na2S + 0.35 M Na2SO3. Potentiostatic
measurements were held at 0 V (vs. Ag/AgCl) and cycled through on/off irradiation cycles.
great, the CdS will begin to oxidize and over time results in dimin-
ishing photoelectrochemical performance. As a result, sacrificial
electrolytes such as sulfides are used. In this study, the electrolyte
used was a mixture of Na2S and Na2SO3, where Na2S in solution
acts as a hole scavenger and is oxidized to prevent the corrosion
(oxidation) of CdS (eqn. 4). Hole scavenging can also occur by eqns.
5, 6, and 8. To ensure hydrogen production at the cathode, Na2SO3
is added to help reduce disulfides back to sulfides, which has been
demonstrated to be beneficial to improve photocurrent density and
hydrogen production in previous studies [24,35]. Also, the SO32−
ions mainly yield thiosulfate ions [52]:
2S2− + 2 h → S22− (5)
SO32− + H2O + 2 h → SO42− + 2H+ (6)
2S22− + SO32−→ S2O32− + S2− (7)
SO32− + S2− + 2 h → S2O32− (8)
S2O32− + H+→ HSO3− + S (9)
S + 2e → S2− (10)
The potentiodynamic polarization plots and potentiostatic
chopped light photoresponses of the samples under solar irradi-
ation are shown in Fig. 8. The addition of a CdS layer to NTNP leads
to an increase in photocurrent density and a decrease in the open-
circuit potential (OCP) from 0.42 mA/cm2 (at 0 V) and −0.969 V to
1.90 mA/cm2 (at 0 V) and −1.22 V. The increase in photocurrent
density is attributed to the nanocrystaline deposits of CdS. A slight
decrease in OCP to −1.17 V is observed with an increase in pho-
tocurrent density to 2.53 mA/cm2 compared to NTNP-CdS with
the addition of Mn  dopant (NTNP-CdS-Mn). The OCP for NTNP-
CdS-Co was found to be −0.975 V with a photocurrent density of
2.22 mA/cm2. Fig. 8b shows the J-t plot of the photoanodes under
chopped irradiation held at a constant potential of 0 V. The pho-
toresponces of the anodes to intermittent irradiation show that the
photocurrent density for all the samples is stable and reproducible.
Therefore, the current generated is mainly due to photoinduced
charges and not corrosion of the CdS layer.
Electrochemical impedance spectroscopy (EIS) [53] and Mott-
Schottky (M-S) analysis [54] are powerful techniques used
to examine interfacial charge transfer events at an elec-
trode/electrolyte interface. With EIS, it is possible to readily
separate the effects of interfacial capacitance, charge transfer
Fig. 9. Nyquist plot of the photoanodes under irradiation (AM 1.5, 100 mW/cm2) in 0.25 M Na2S + 0.35 M Na2SO3. The experimental data was fit (solid lines) with an equivalent
circuit (inset) where Rs is the solution resistance, Cdl and Rct describe the semiconductor/electrolyte interface, while Csc and Rsc represent the semiconductor capacitance
and resistance.
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Table  4
Equivalent circuit parameter values obtained through non-linear fitting of the exper-
imental impedance data.
NTNP-CdS NTNP-CdS-Mn NTNP-CdS-Co
Rs 9.499 11.30 10.87 ! cm2
Cdl 5.874 9.916 5.468 mF/cm2
Rct 447.8 308.3 346.3 ! cm2
CSC 4.433 6.861 4.507 mF/cm2
RSC 4.232 3.697 7.453 ! cm2
resistance, and charge trap states [55]. Nyquist plots for the pho-
toanodes at OCP under irradiation are shown in Fig. 9 and fit
with an equivalent circuit [56] (Fig. 9 inset) with non-linear fit
!2 values in the range of 1.88-3.07 × 10−3. Values for the vari-
ous components of the equivalent circuit are given in Table 4. It is
anticipated that a material with low charge transfer resistance (Rct)
and higher double layer (Cdl) and semiconductor capacitance (CSC)
would yield higher PEC performance by conducting charges more
readily through the material and storing of charges in the space
charge region (electrical double layer); however, too high of capac-
itance can also lead to increased probability of recombination losses
[57]. Upon summation of all the capacitor (1/Ctotal = 1/Cdl + 1/CSC)
and resistive components (Rtotal = RS + Rct + RSC) we  observe that the
NTNP-CdS-Mn photoanode has the largest total capacitance fol-
lowed by NTNP-CdS and NTNP-CdS-Co. However, not only a much
higher Rct value is observed for NTNP-CdS compared to NTNP-CdS-
Mn or NTNP-CdS-Co, but a similar trend for the total resistance is
also noted.
Based on well-documented theory of semiconductor/electrolyte
interfacial  capacitance, the electronic properties in terms of charge
carrier density (NA) and flat-band potential (EFB) can be obtained










−#$ = E − EFB (12)
where, C is the capacitance, e is the elementary electronic charge
(1.60 × 10−19 C), ε0 is the permittivity in vacuum (8.885 × 10−14
F/cm), ε is the dielectric constant, kB is the Boltzman constant, T
is the temperature, and E is the applied bias. The linear portion of
the 1/C2 vs E plots is fit within the potential domain in which the
Fig. 10. Mott-Schottky plot of the photoanodes under dark conditions in 0.25 M
Na2S + 0.35 M Na2SO3. Analysis was carried out by polarizing from −0.6 V to −1.2 V
at  3000 Hz and 10 mV AC potential.






and the intercept of the line yields EFB. A dielectric constant value of
5069 for nanoparticles of CdS was  used, which is much larger than
the bulk values (∼10). A discussion by Ahmad et al. [59] explains
that such a high dielectric constant value for nanoparticles of CdS
is obtained due to high disorder in nanocrystalline CdS. A value
of 70 was  used for titania [60] and a weighted average of the two
dielectric values was  used based on the EDS analysis. This yielded
a value of 920, which was  subsequently used for M-S  analysis.
The charge carrier densities were calculated from eqn. 13 to be
6.24 × 1021 cm−3 (NTNP-CdS), 1.93 × 1021 cm−3 (NTNP-CdS-Mn),
and  2.78 × 1021 cm−3 (NTNO-CdS-Co): with flat band potentials of
−1.35 V (NTNP-CdS), −1.02 V (NTNP-CdS-Mn), and −1.18 V (NTNP-
CdS-Co). Compared to EFB value for NTNP-CdS, a shift of EFB values
in the anodic direction for Mn  or Co doped samples is observed.
This implies a shift in the conduction band minimum to lower
energy due to the presence of Mn  or Co, which is consistent with
the absorbance measurements (Fig. 7). Moreover, the larger shift in
absorbance edge with Co compared to Mn  (Fig. 7) may  be attributed
to a stronger sp-d exchange interaction between the band electrons
and the localized d electrons of Co2+ ion substituting for Cd2+ ions
[61,62].
In a recent survey on the thermodynamic redox potentials
of semiconductors in aqueous solution by Chen and Wang [63],
the conduction band minimum for CdS is approximately −1.23 V
(−0.715 V vs NHE). Nevertheless, it should be noted that M-S
analysis typically works best for highly crystalline electrodes and
discrepancies between reported EFB values typically arise due to
imperfection in the electrodes. There was some frequency depend-
ence on obtaining EFB values observed, implying the presence
of surface states. Semiconductor nanocrystals are also greatly
impacted by the effects of strain. Since the ionic size of Mn2+ or
Co2+ is smaller than that of Cd2+, the CdS nanocrystal will grow
(in this case, via the SILAR method) to a critical size before a lat-
tice defect will arise near the surface to ease the strain, allowing
the material matrix to relax [64]. Open-circuit potential experi-
ments under dark and irradiated conditions were carried out to
see whether a similar trend in potential shift is observed. The pho-
toanodes were allowed to equilibrate under dark or illuminated
conditions until a drift of %0.1 mV/s was  achieved. Steady state
potential values were observed to be −0.814, −0.802, −0.707 V for
NTNP-CdS, NTNP-CdS-Mn, and NTNP-CdS-Co, respectively. While
under irradiation, steady state potential values of −1.24, −1.23 and
−1.10 V were observed for NTNP-CdS, NTNP-CdS-Mn, and NTNP-
CdS-Co, respectively. Recalling the OCP values obtained from the
potentiodynamic studies (vide supra), which were also allowed to
equilibrate to similar conditions before measuring, a similar trend
is observed in all cases (M-S, OCP, and photocurrent density onset
potential). From all three methods, we can conclude that an anodic
shift in EFB results from the addition of dopants to CdS and thereby
the reduction in band gap is a result of a shift to lower energy of
the conduction band minimum. Given the results from section 3.5
and the M-S  analysis, the relative band edge positions have been
plotted and are shown in Fig. 11a. Finlayson et al. [65] determined
that a positive shift of the EFB value for CdS powder and colloidal
systems vs. single crystals and thin films is due to the formation
of intragap states below the conduction band. They proposed that
these states could participate in electron transfer to solution and
hence the positive shift in EFB.
From the M-S  analysis it was also observed that the charge
carrier density decreased with the addition of either Mn or Co
dopants to CdS. Significantly larger carrier concentrations have
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Fig. 11. (a) Band edge diagram constructed using Mott-Schottky and absorption data. (b) Depletion width as a function of applied potential using equation 14. The addition
of  Mn  or Co dopants to CdS increases the depletion width of the CdS nanocrystal.
been reported to result in thinner depletion layers and thereby
lead to lower quantum efficiencies [66]. For semiconductor/liquid
interfaces, photogenerated electron-hole pairs are separated by
an internal electric field (i.e. band bending). Transport of holes in
regions that are not depleted of majority carriers (no band bend-
ing) results in significant recombination and reduced photocurrent
responses [67]. The depletion layer thickness (dSC) can be estimated
by the following relationship and has been plotted vs. E–EFB for
NTNP-CdS, NTNP-CdS-Mn, and NTNP-CdS-Co is shown in Fig. 11b:
dSC =
!
2εε0 (E − EFB)
eNA
(14)
We observe that the addition of Mn  or Co to CdS increases the
depletion width. When comparing the depletion width and the
size of the CdS nanocrystals (6∼7 nm diameter), full depletion is
observed at approximately E-EFB = 0.7, 0.2, and 0.3 V for NTNP-CdS,
NTNP-CdS-Mn, and NTNP-CdS-Co, respectively. The larger deple-
tion width helps to retard recombination and contributes to higher
PEC activity. The depletion width analysis can explain the enhanced
interface properties due to Mn  or Co dopants to CdS.
4.  Conclusion
In this, study we have demonstrated a simple method to dope
CdS nanocrystals with Mn  or Co in situ during deposition on a tita-
nia nanotube/titania nanoparticle substrate, whereas conventional
methods utilize non-equilibrium synthesis techniques to obtain
doping. Various characterization methods (XPS, XRD, and Raman
spectroscopy) were utilized to confirm the doping of Mn  and Co in
the CdS lattice. The interstitial doping results in improved photo-
electrochemical performance compared to undoped CdS sensitizer
layers. Electrochemical impedance spectroscopy was used to elu-
cidate the photoelectrochemical behavior of the photoanodes. The
addition of Mn  and Co dopants to the CdS sensitizing layer helps
to improve the interfacial capacitance and reduce charge transfer
resistance at the semiconductor/electrolyte interface. The composi-
tional dependent band tuning of these materials appears to classify
them as promising candidates for solar fuel synthesis and warrants
further studies.
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Sensitization of TiO2 nanotube array
photoelectrodes with MnxCdySe†
Ruchi Gakhar,a Kodi Summers,a Rishubh Palaniappan,b Satyananda Kishore Pillia
and Dev Chidambaram*a
The photoanode obtained by the deposition of MnxCdySe nanocrystals onto TiO2 nanotube arrays using a
successive ionic layer adsorption and reaction technique realized a significant improvement in the charge
transport and current generation compared with a pristine TiO2 nanotube based anode. The concentration
of manganese was determined to be 10% of the concentration of cadmium, and thus x¼ 0.1y. The widening
of absorption spectra and the magnitude of photocurrent density were found to be significantly affected
with a variation in the number of SILAR cycles and the annealing temperature. A stable photocurrent
density of "8 mA cm#2 under AM 1.5 illumination (1 sun) was achieved for MnxCdySe nanocrystals-
embedded TiO2 nanotube arrays heterostructure based photoelectrodes prepared through 9 cycles of
SILAR deposition, followed by annealing at 400 $C under a nitrogen atmosphere. The results obtained
suggest the versatility of the MnxCdySe-sensitized TiO2 nanotube matrix as an efficient electrode for
photovoltaic applications.
Introduction
The pioneering work by Fujishima and Honda in 1972 1 along
with the interesting structural, thermal and electronic proper-
ties of TiO2 spurred the interest among various scientists for
research on the titanium oxide semiconductor as a photoanode
material for solar energy conversion applications. A signicant
amount of research has been directed towards the modication
of the size, shape and crystal structure of TiO2 in various forms.
Masuda and Fukuda demonstrated that highly ordered arrays of
the oxide material could be grown with optimum anodization
conditions.2 Zwilling and co-workers furthered this concept and
demonstrated the self-ordered growth of TiO2 nanotube arrays
(NTAs) by electrochemical anodization of titanium (Ti) in a
uoride containing electrolyte.3 Following these studies, many
advances were made towards the optimization of length,
thickness and aspect ratio of TiO2 nanotubes by Schmuki
et al.4,5 These studies attracted wide interest, and numerous
efforts have been devoted to the synthesis of titania nano-
structures (nanorods, nanowires and nanotubes) using the
anodization technique in different electrolytes.6–10 The nano-
tubular geometry provides open structure for an easy access of
electrolyte and facilitates the hole transfer through the pores.
Titania based electrodes exhibit a large band gap around 3.2 eV
or 3.0 eV for anatase and rutile phases, respectively, and this
results in the generation of charge carriers upon illumination
through the absorption of energies above the band gap.11,12
However, since the solar spectrum consists of photons with
energies ranging from about 0.5 to 3.5 eV, the photoconversion
efficiency achieved through TiO2 is very low as the photons with
energies below the semiconductor band gap are not absorbed.
Therefore, sensitization of titania can lead to a panchromatic
absorption of visible light and render it eminently suitable for
photovoltaic applications.
Most common approaches for improving the light harvesting
ability of large band gap semiconductors are either based on
chemisorption of dye molecules onto the surface of titania
nanoparticles13–15 or on the incorporation of quantum dot
semiconductors as sensitizer materials.16–21 In case of dye
sensitization, charge separation originates through efficient
injection of electrons from the excited state of the photoexcited
dye molecules into the conduction band of TiO2. For the
quantum dot sensitized approach, quantum dots serve the
sensitization purpose instead of dye molecules. Quantum dots
offer several advantages over dye molecules such as tunable
optical properties with size, formation of better heterojunctions
with solid hole conductors and a better charge transport. The
innate ability of alloy nanocrystals to exhibit varied physical and
optical properties of the bulk semiconductor based on the size
and composition offer the possibility of their use as efficient
photosensitizers with wide band gap semiconductors (e.g. TiO2
and ZnO) as scaffold in photovoltaic (PV) systems. In the past,
binary sensitizers such as CdSe,17 CdS,21 CdTe,19 PbS,20 InAs16
and Ag2S18 have been widely employed for the sensitization of
TiO2. Unfortunately, binary quantum dot sensitized PEC solar
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cells generally suffer from severe photostability issues. Chem-
ical reactions of photogenerated charge carriers with the elec-
trolyte or the bulk material leads to photocorrosion in general.
Pseudobinary semiconductor alloys (ABxC1!x) scaled to nano-
meter regime as sensitizer materials have been relatively less
exploited and might offer more suitable conditions for the
application of inorganic semiconductor quantum dot sensi-
tizers in the development of stable solar cells. For example,
pseudobinary semiconductors such as CdSSe,22,23 CdSeTe24 and
ZnCdSe25,26 have been effectively employed as sensitizers for
TiO2 nanostructures. Fast charge transfer from the quantum
dot semiconductors to the neighboring large bandgap semi-
conductor materials is crucial to subdue the photocorrosion
phenomena that are generally observed in quantum dot sensi-
tized semiconductors. One dimensional (1D) nanostructured
materials offer a direct and efficient pathway for the photo-
generated charge carriers.27–29 Therefore, the presence of one
dimensional nanostructured semiconductors along with
quantum dot sensitizers would be an efficient approach to
overcome the charge transport issues. Considering the poten-
tial, it is important to exploit and investigate the photo-
electrochemical performance and durability characteristics of
new pseudobinary semiconductor quantum dots as sensitized
one-dimensional nanostructured large band gap semi-
conductors. In this report, for the rst time, we have studied the
photovoltaic performance of the MnxCdySe sensitized TiO2
nanotubes (NTAs). The MnxCdySe sensitized TiO2 NTAs were
synthesized using the SILAR technique, and the effect of the
varying number of deposition cycles and the post annealing
temperature were optimized for performance.
Experimental
Materials and methods
Titanium foil (0.005 inches thick, 99% purity) was purchased
from STREM chemicals. Ethylene glycol (EG, 99%, Sigma
Aldrich), ammonium uoride (NH4F, 98%, Acros Organics),
cadmium acetate (Cd(OAc)2$4H2O, 98%, GFS), manganese
chloride (MnCl2$4H2O, J.T.Baker), sodium borohydride
(NaBH4, 98+%, Acros Organics), selenium (Se, BKH chemicals),
sodium sulte (Na2SO3, 98+%, STREM chemicals) and sodium
sulde (Na2S, Alfa Aesar) were purchased and used without
further purication. The organic solvents used, namely acetone,
isopropyl alcohol (IPA) and ethanol, were of ACS grade. De-
ionized water was used throughout the study. The power
supply used was supplied by Circuit Specialists (model number
CSI12001X).
Synthesis of MnxCdySe-sensitized TiO2 NT array
photoelectrodes
TiO2 NT arrays were synthesized as described previously.25
Briey, titanium (Ti) foils of size "2.5 cm2 were cleaned ultra-
sonically in a mixture of acetone and isopropyl alcohol for 15
min, prior to anodization. The cleaned Ti strips were anodized
at a constant potential of 40 V (D.C.) for 1 h in a uorinated
solution of ethylene glycol containing 0.5 wt% NH4F and 3 wt%
water in a two electrode conguration with a coiled platinum
wire as the counter electrode. Anodized lms were washed with
IPA and annealed at 450 #C under air for 2 h (at a slow heating
rate of 4 #C min!1) to obtain the desired crystallization.
MnxCdySe nanocrystals were deposited on TiO2 NTAs using
the facile and convenient SILAR technique. The precursor
solutions were made in ethanol/H2O (50/50 vol) solvent, and the
deposition was conducted under ambient temperature and
pressure. The use of ethanol as a solvent lowers the surface
tension, which leads to a better penetration of the solution
inside TiO2 NTAs. One SILAR cycle comprised of an immersion
of annealed TiO2 NTA lm in 0.02 M MnCl2 solution for 45
seconds, followed by rinsing in ethanol/water solvent and
subsequent immersion in 0.02 M Cd(OAc)2 solution and nally
in Na2Se solution (generated in situ by the reduction of Se metal
with 0.04 M NaBH4) for the same amount of time. The samples
were prepared for 5, 7, 9 and 12 cycles of deposition and
annealed at either 200 #C or 400 #C under N2 atmosphere for 1
hour to analyze the effect of post-deposition thermal annealing
on the photoelectrochemical properties of TiO2 NTA.
Characterization
UV-visible absorption spectra of prepared photoelectrodes were
obtained with a Shimadzu UV-2401PC UV-Vis diffuse reectance
spectrophotometer. BaSO4 was used as the reectance standard
in the wavelength range of 200–800 nm. The surface morphol-
ogies of TiO2 NTAs and MnxCdySe deposited TiO2 NTA lms
were examined using a Hitachi S-4800 scanning electron
microscope equipped with an energy dispersive spectrometer
(Oxford EDS system). The crystalline phases were investigated
using a Philips 12045 B/3 X-ray diffractometer with a Cu target
(Ka radiation, l ¼ 1.54 Å). The diffraction patterns were recor-
ded at 35 kV and 25 mA in the range of 2q ¼ 20# to 70#. The
stoichiometry of lms was estimated using Perkin Elmer
Optima 8000 inductively-coupled plasma optical emission
spectrometer (ICP-OES). Samples were analyzed using a PHI
5600 model X-ray photoelectron spectrometer (XPS) equipped
with a monochromatic A1 anode (1486.6 eV). The spectrometer
was calibrated to the Ag 3d5/2 line at 368.27 % 0.05 eV. The XPS
spectra were recorded at 14 kV and 300 W with an analysis area
of 800 mm2. The survey spectra were acquired at a pass energy of
29.35 eV and narrow scans at 23.95 eV. Charging effects were
corrected using the adventitious C 1s line at 284.6 eV. Aer 5
point smoothing of data, the peaks were tted using SDP v4.6
Gaussian tting soware from XPS International. The photo-
electrochemical (PEC) responses of the samples were measured
in a conventional three-electrode system with TiO2 NTAs (on Ti
foil) or MnxCdySe deposited TiO2 NTAs as the working elec-
trode, a coiled platinum wire as the counter electrode and a
saturated calomel electrode (SCE) as the reference electrode in
an aqueous solution containing 0.35 M Na2SO3 and 0.25 M
Na2S. The measurements were conducted under ambient
conditions in a custom made quartz window cell with Gamry®
Reference 600 potentiostat. Photoanodes were illuminated
using a 300 W Xe lamp solar simulator supplied by Newport.
The incident light intensity through standard AM 1.5G lter was



















































tuned to 100 mW cm!2 measured using Newport Thermopile
Sensor 919P-003-10.
Results and discussion
Fig. 1 shows the absorption spectra of TiO2 NTAs and
MnxCdySe/TiO2 NTAs heterostructures over the spectral range of
250–900 nm.
Fig. 1a–d depict the absorption spectra of theMnxCdySe/TiO2
NTA(n) lm annealed at various temperatures, where n indi-
cates the number of deposition cycles. Pristine TiO2 NTA lm
exhibited a fundamental absorption edge around 380 nm cor-
responding to the inter-band charge transfer.30,31 In addition, a
broad absorption prole in the visible region can be noted
around 480 nm, which is a characteristic of oxygen-deciency of
the lm.32 Another reason might be the surface plasmon reso-
nance arising from Ti nanoparticles trapped within the nano-
tubes during anodization process. With incorporation of
MnxCdySe, two key observations were noted. First, the absorp-
tion was improved signicantly in the visible region, and
second, an upward shi (towards longer wavelength) in the
absorption edge position was noticed. As the number of depo-
sition cycles increased from 5 to 11, enhanced particle loading
resulted in more pronounced absorption in the visible region.
With annealing at 200 "C under a nitrogen atmosphere,
absorption improved in visible region, and the absorption edge
experienced red shi compared to the as-deposited sample.
With an increase in the annealing temperature to 400 "C, the
absorption intensity decreased, but the absorption edge was
further shied towards longer wavelength in all the cases. This
indicates that the inclusion of MnxCdySe nanocrystals within
the TiO2 NTA framework leads to a more effective utilization of
solar spectrum through the sensitization effect.
To determine the fundamental gap of the composite and to
identify its nature, Tauc equation was employed which can be
given as,33,34
ahn ¼ A(hn ! Eg)n
where a is the absorption coefficient, A is the constant, and n
indicates the indirect (n ¼ 1/2) or direct (n ¼ 2) band gap
material. The band gap energy (Eg) is determined using optical
absorption coefficient (a) from the experimental absorbance.
Band gap (Eg) values are obtained by extrapolation of the linear
region of the curve to the abscissa (a ¼ 0). Fig. S1† shows the
Tauc plots, i.e., variation of (ahn)2 versus photon energy (hn) for
the TiO2/MnxCdySe composite lm with various number of
deposition cycles annealed at 400 "C. A better t was obtained
with n¼ 2 for the composite lms indicating that the deposited
MnxCdySe nanocrystals have direct band gap. The calculated
band gap values for 5, 7, 9 and 11 cycles of deposition are 3.22,
3.19, 3.27 and 3.36 eV, respectively.
The crystal structure of TiO2 NTAs before and aer modi-
cation with MnxCdySe was conrmed using XRD analysis. The
diffraction pattern of pristine TiO2 NTA lm has been depicted
in Fig. 2a.
Fig. 1 Absorption spectra of pure nanocrytalline TiO2 NTA film and the
films sensitized with (a) TiO2 NTA/MnxCdySe (5); (b) TiO2 NTA/Mnx-
CdySe (7); (c) TiO2 NTA/MnxCdySe (9); (d) TiO2 NTA/MnxCdySe (11) at
annealing temperatures of 200 "C and 400 "C, respectively. Absorp-
tion edge was found to undergo red shift with an increase in the
number of deposition cycles.
Fig. 2 (a) Pristine TiO2 NTAs and (b) stacked XRD pattern of TiO2 NTA/
MnxCdySe (9) unannealed and samples annealed at 200 "C and 400 "C.
The patterns reveal that CdSe phase appears after annealing. The
absence of a peak due to Mn indicates low concentration of Mn.



















































The pattern shows prominent peaks corresponding to
anatase TiO2 phase (JCPDS File no. 00-021-1272) and Ti metal
foil substrate (JCPDS File no. 00-044-1294). The XRD patterns of
the annealedMnxCdySe/TiO2 NTA lms were compared with the
pattern of as-deposited (unannealed) MnxCdySe/TiO2 NTA and
are shown in Fig. 2b. The signal from the unannealed sample is
similar to that from the pristine TiO2 NTA lm. However, aer
thermal annealing under nitrogen atmosphere, additional
peaks corresponding to the CdSe phase start appearing. It is
apparent that before thermal treatment, Mn, Cd and Se species
were adsorbed physically on the surface of the lm, and sensi-
tized quantum dots manifest into the crystalline CdSe phase
only upon annealing. Another important observation is the
enhancement in the intensity of the peaks corresponding to the
CdSe phase with the increase in annealing temperature. It
indicates that the crystalline nature of the lm is improved with
the annealing temperature. No signicant change is observed
for the CdSe phase upon the incorporation of Mn in MnxCdySe
crystallites. The absence of any signal due to Mn in MnxCdySe
crystal lattice indicates the low dopant concentration of Mn or
the presence of Mn below the detection limit. These results are
in agreement with the previous studies conducted by authors on
ZnxCd1!xSe where low concentrations of Zn dopant were not
observed in XRD.25
The morphology of the pristine TiO2 NTAs has been shown
in Fig. 3a.
The image illustrates the formation of tubular morphology
with diameter and length in the ranges of 80 nm and 5–6 mm,
respectively. The formation of the TiO2 with nanotubular
morphology is attributable to the electrolyte-assisted dissolu-
tion and oxidation of the Ti lms during anodization, followed
by the annealing process.35 As observed in the case of sensitized
lms (Fig. 3b–f), the size of MnxCdySe clusters vary signicantly
with the number of deposition cycles and the annealing
temperature. As demonstrated by images Fig. 3b–d, with the
increase in number of deposition cycles from 5 to 9, the
coverage of nanocrystals on the nanotube surface was
increased. In case of the unannealed sample (Fig. 3e), tiny
nanoparticles were found distributed at the mouth of nano-
tubes. Aer annealing (Fig. 3b–d and f), the MnxCdySe nano-
particles aggregate and form nanoclusters. Further, the cross-
sectional SEM images (Fig. 4) depict that the MnxCdySe nano-
crystals were deposited within the entire NTs network,
including both external and internal regions.
The chemistry of the MnCdSe quantum dots adhering to
TiO2 NTAs was conrmed to be MnxCdySe by the compositional
XPS analysis of the sensitized TiO2 lm. Fig. 5 shows the spectra
of the Cd 3d, Se 3d and Mn 2p species on the surface of the
MnxCdySe/TiO2 NTA lm.
Sharp photoelectron peaks appear at binding energies of
404.7 eV (Cd 3d5/2) and 411.5 eV (Cd 3d3/2) for Cd 3d spectrum
(Fig. 5a). The binding energy values, separation energy and
degeneracy of states correspond to the formation of the CdSe
bond.36 The signal due to Se 3d presented a well-dened doublet
associated with spin–orbit interaction (Fig. 5b). The two
components obtained at 53.5 eV and 54.3 eV with a separation
of 0.8 eV correspond to Se2! species associated with the CdSe
crystal. Canava et al. studied the effect of chemical treatments
on the Se 3d signal and demonstrated that the shi between the
two components of the Se 3d peak is highly sensitive to the
chemical preparation techniques.
Fig. 3 Scanning electron microscopy images (top view) of (a)
unmodified TiO2 NTAs, (b) TiO2 NTA/MnxCdySe (5)-400 "C, (c) TiO2
NTA/MnxCdySe (7)-400 "C, (d) TiO2 NTA/MnxCdySe (9)-400 "C, (e)
TiO2 NTA/MnxCdySe (9)-unannealed, and (f) TiO2 NTA/MnxCdySe (9)-
200 "C. The images depict that the MnxCdySe nanocrystals are
uniformly attached to the surface of TiO2 NTAs.
Fig. 4 Cross-sectional view of (a and b) unsensitized TiO2 NTAs and
(c) sensitized TiO2 NTA/MnxCdySe (9) film. The sensitized sample was
subjected to a thermal treatment under a nitrogen atmosphere at
400 "C for 1 hour. MnxCdySe deposits are clearly visible on the walls of
the nanotubes.



















































Moreover, depending upon the chemical treatment of the
sample, the shi assigned to the second component of Se 3d
can vary up to 1.5 eV.37 In a previous study by the authors on
ZnxCd1!xSe (ref. 25), this shi was observed to be 0.9 eV.25 The
core-level spectrum of the Mn 2p peak is shown in Fig. 5c. High
noise level obtained for the signal indicates the nominal doping
concentration of Mn. The Mn 2p spectrum exhibited two peaks
at "641.8 eV and "640.7 eV for Mn 2p3/2, indicating the exis-
tence of Mn2+ species in MnxCdySe crystals, as the peaks for
metallic Mn and Mn4+ ion are located at 637.7 eV and 642.4 eV,
respectively as demonstrated by Lin et al.38
The stoichiometry analysis of MnxCdySe nanocrystals
deposited on the sensitized TiO2 NTA lm was estimated using
ICP-OES analysis, and the results obtained are tabulated in
Table 1. As observed from stoichiometry calculations, Mn atoms
substitute around 10% of Cd atoms in the CdSe lattice
structure.
Such a low concentration of Mn (with x ¼ 0.1) is in agree-
ment with the previous studies on ZnxCd1!xSe, where Zn was
found in a similar concentration.25
The dependence of photocurrent on the applied potential for
MnxCdySe-sensitized TiO2 NTA lms in Na2S and Na2SO3 elec-
trolyte is shown in Fig. 6, and the values have been summarized
in Table 1.
Sulde ions in Na2S act as hole scavengers as discussed by
Kamat et al. in 2011.39 Na2SO3 reduces the disulde species to
sulde again.40 The photocurrent density achieved for pristine
TiO2 NTA lm was "1.39 mA cm!2 under one sun illumination.
The current density obtained was 2.24 mA cm!2 for the as-
deposited lm sensitized with 5 cycles, which increased to
4.67 mA cm!2 for the lm with 7 deposition cycles (Fig. 6a and
b). This observation is in agreement with SEM results which
depicted an increased crystal loading with the increasing
number of deposition cycles. With even more sensitizer loading
(up to 9 cycles), no signicant variation in current density (4.42
Fig. 5 X-ray photoelectron spectra for the TiO2 NTA/MnxCdySe
composite film showing (a) Cd 3d peak (b) Se 3d peak and (c) Mn 2p
peak. The compositional analysis confirms the tethering of Cd2+, Se2!
and Mn2+ species on the surface of the sensitized film.
Table 1 Stoichiometry calculations of MnxCdySe-sensitized TiO2 NTA
based photoanodes from ICP-OES analysis




Fig. 6 i–V characteristics of the sensitized films as working electrodes,
measured under 100 mW cm!2 intensity (AM 1.5 global filter) (a) TiO2
NTA/MnxCdySe (5) (b) TiO2 NTA/MnxCdySe (7), (c) TiO2 NTA/MnxCdySe
(9) and (b) TiO2 NTA/MnxCdySe (11). A 5-fold increase in photocurrent
density was achieved compared to the pristine TiO2 NTA film.



















































mA cm!2) was noticed (Fig. 6c). However, a higher loading of 11
(Fig. 6d) and 12 cycles (not shown here) led to a decrease in the
observed photocurrent. These aggregated MnxCdySe nano-
crystals in turn act as recombination centers for photoinduced
electron–hole pairs, rendering them less effective as sensi-
tizers.41–43 Moreover, increased loading leads to the blockage of
nanotubes pores resulting into a poor electrolyte penetration.
Thus, a variation in the number of deposition cycles was found
to have a profound effect on the current density. Thermal
treatment under a nitrogen atmosphere was also found to alter
the photoresponse of the lms under illumination. MnxCdySe/
TiO2 NTA samples prepared through 5, 7 and 9 SILAR deposi-
tion cycles followed by annealing at 200 "C, exhibited noticeable
enhancement in the photocurrent density compared to the as-
deposited lm. The ratio of the photocurrent density to dark
current density (Ilight/Idark)44 has been represented in Table 2.
In addition, increasing the annealing temperature from
200 "C to 400 "C resulted in a further increase in the current
density in all the cases (Fig. 6a–d). These results are in accor-
dance with the XRD analysis, since with an increase in the
annealing temperature, the lms become more crystalline in
nature. However, the lms were no longer stable at tempera-
tures more than 400 "C (data not shown). Therefore, 9 cycles of
SILAR deposition followed by annealing at a temperature of
400 "C under N2 atmosphere provides the optimum set of
conditions to obtain the highest photocurrent density for
MnxCdySe-sensitized TiO2 NTAs. The higher photoresponse
generated by sensitized lms is attributable to the greater
charge collection efficiency of the composite lm, facilitated by
fast electron injection of excited electrons from the conduction
band (CB) of MnxCdySe to CB of TiO2. The incorporation of
MnxCdySe nanocrystals into TiO2 matrix enables thermody-
namically favourable electron transfer from MnxCdySe to TiO2
NTAs, as depicted in Scheme 1. The holes produced are scav-
enged by the electrolyte.
More importantly, a better charge conduction and photo-
current density can be attributed to the presence of Mn species
(even at such a low concentration), since for the CdSe/TiO2 NTA
lm synthesized under similar conditions, the current gener-
ated was found to be lower than that for the MnxCdySe/TiO2
NTA lm (Fig. 7).
The photocurrent values obtained in the present study are
higher compared to other sensitized-TiO2 photoelectrodes
studied before.40,45–48 The increase in the photocurrent density
with sensitization highlights the fact that MnxCdySe helps to
effectively harvest a greater part of the solar spectrum. It should
be noted that although the photocurrent values for lms
prepared from the repeated set of experiments may vary by a
Table 2 Summarized photocurrent values from the i–V analysis of TiO2 NTA/MnxCdySe films synthesized with a varied number of deposition
cycles and annealing temperatures
Electrode
Annealing temperature
Ratio of the photocurrent density to dark current density (Ilight/Idark)
TiO2 NTA/MnxCdySe
No. of deposition cycles
5 cycles 7 cycles 9 cycles 11 cycles
UA 2.23 4.65 4.42 3.27
200 "C 5.22 6.11 6.66 4.47
400 "C 6.36 6.90 8.79 6.17
Scheme 1 Schematic representation of photoinduced charge transfer
in the TiO2/MnxCdySe composite system. Photoinduced electrons
transfer occurs from the conduction band (CB) of MnxCdySe to the CB
of TiO2, and the holes produced are scavenged by the electrolyte.
Fig. 7 i–V characteristics of TiO2 NTA/CdSe (9)-400 "C and TiO2 NTA/
MnxCdySe (9)-400 "C films measured under 100 mW cm
!2 intensity
(AM 1.5 global filter).



















































factor of !10% due to a variation in the experimental condi-
tions, the trend remains the same.
The photocurrent on–off cycles recorded in a rapid sequence
(every 5 s) with respect to zero external bias are shown in Fig. 8.
Photoresponses recorded under intermittent light illumina-
tion indicate that the current produced is due to illumination,
and the responses are stable as well as reproducible. An
instantaneous rise in the photocurrent when the light source
was turned on and a prompt recovery to the original value once
the illumination was turned off were observed. It demonstrates
the minimal mass transport at the electrode–electrolyte inter-
face. It also illustrates the corrosion resistance of the photo-
anode under visible light illumination.41 The abrupt response of
the lm to illumination demonstrates that the photoactivity of
the MnxCdySe/TiO2 NTA photoanode is stable and reproducible.
Conclusions
The present study demonstrates a facile technique for the
deposition of MnxCdySe nanocrystals on TiO2 NTAs employing
SILAR technique, followed by annealing at a high temperature.
The composite lms were employed as photoelectrodes in the
Na2S/Na2SO3 electrolyte, and the effect of the number of depo-
sition cycles and the annealing temperature on optical and
photoelectrochemical properties was unravelled for their
possible use, similar to that of the photoanodes for solar cell
applications. The incorporation of MnxCdySe nanocrystals
within the TiO2 NTA structure showcases a wider absorption
range and a better light harvesting ability. A 5-fold increase in
the photocurrent density achieved for the MnxCdySe/TiO2 NTA
lm compared to the pristine TiO2 lm is a clear manifestation
of these aspects. The lm was synthesized with 9 cycles of
deposition, followed by annealing at 400 "C under a nitrogen
atmosphere and demonstrated the highest photocurrent
density in this study, thereby conrming the role of the number
of SILAR cycles and the annealing temperature in improving the
photoresponse of the electrode under visible light illumination.
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Enhanced Photoelectrochemical Performance of Anodic
Nanoporous β-Bi2O3
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Bismuth oxide has well-dispersed valence bands that show enhanced mobility of charge carriers, high refractive index, and large
dielectric constant. These properties are attractive for photo catalysis. Thin films of bismuth oxide containing vertically oriented
and uniformly distributed nanopores of controllable dimensions were synthesized by a simple electrochemical anodization of a
bismuth metal substrate in citric acid solution at 3–60 V. Annealing the anodic nanoporous Bi2O3 at 200◦C for 2 h resulted in
stabilization of the metastable β-Bi2O3 phase at room temperature. The nanoporous anodic oxides showed an energy bandgap of
2.48 eV, and n-type semiconductivity. Scanning electron microscopy and electrochemical impedance spectroscopy results suggested
a dual layered structure of the anodic oxide with a nanoporous outer layer and a planar inner layer. Thickness of the inner layer
predominantly influenced the impedance of the anodic oxide. Under simulated 1-sun intensity, a maximum photo current density
of 0.97 mA/cm2 was observed in 1 M KOH at a potential of 1.53 VRHE for the sample anodized at 10 V. A positive shift in the
flatband potential upon illumination suggested accumulation of photo generated holes due to low catalytic activity of the anodic
bismuth oxide for oxygen evolution reaction. The observed photo current density of the nanoporous anodic oxide of bismuth
was an order of magnitude higher than that of the planar anodic oxide, and twice that of thin film β-Bi2O3 prepared by reactive
sputtering.
© 2015 The Electrochemical Society. [DOI: 10.1149/2.0761506jes] All rights reserved.
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Synthesis of ordered arrays of nanoporous and nanotubular oxides
of Al, Ti, and other valve metals has been investigated extensively
because of their potential applications in solar energy conversion, en-
ergy storage, photocatalysts, sensors, and as templates for nanowire
growth.1–8 Enhanced photo catalytic, electrical, and electrochemical
properties were reported for the nanoporous and nanotubular oxides,
particularly TiO2 and Fe2O3, when compared to their bulk crystalline
counterparts.9–14 Bismuth is different from regular valve metals such
as Al, Ti, Nb etc., because of its semi-metallic nature and high atomic
number with the electron configuration [Xe]4f145d106s26p3. The large
nuclear charge of bismuth increases the velocity of the 1s electrons to
such an extent that the relativistic effect becomes significant which in-
creases the mass of 1s electron by 26% and decreases the Bohr radius
by 20%. Furthermore, the 6s electrons are less available for bonding.
The normally degenerate p orbitals are split in to one spherically sym-
metric p1/2 and two doughnut shaped p3/2 orbitals because of the high
degree of spin-orbit interaction. Since the p3/2 orbitals have higher en-
ergy than p1/2, the p3/2 electron is removed during first ionization of Bi
resulting in an electron configuration of Bi(I) as 6s26p21/26p03/2. The
major relativistic effects of bismuth are its lowest tendency to form a
hybrid orbital and increasing tendency to form pyramidal structure.15
The lone electron pairs of Bi(III) 6s2 induces intrinsic polarizabili-
ties which facilitate separation of photo generated electron-hole pairs
and their transport.16 Recently, bismuth based ternary oxides such as
BiVO4, and BiFeO3 are being actively investigated as promising high
efficiency photocatalysts for solar water splitting applications.17–19
However very few research efforts have been focused on understand-
ing photo electrochemical behavior of the binary bismuth oxide which
is the building block for the more advanced complex bismuth based
oxides.
Bismuth oxide (Bi2O3) exists as six different polymorphs depend-
ing on the synthesis route and thermal treatment. These polymorphs
are a) α – monoclinic, b) β – tetragonal, c) γ – body centered cubic, d)
δ – face centered cubic, e) ε – orthorhombic and f) ω – triclinic. Out of
these α and δ phases are stable and others are metastable phases. The
monoclinic α-Bi2O3 shows a bandgap of 2.8 eV with p-type semi-
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conductivity and the tetragonal β-Bi2O3 shows a bandgap of ∼2.5
eV with an n-type semiconductivity.20 The photo activity of β-Bi2O3
was reported to be higher than other polymorphs.21 The metastable
β-Bi2O3, that is stable in the temperature range of 650–303◦C, could
be stabilized at room temperature by doping with cations that intro-
duce excess oxygen sublattices within the tunnel structures of the
β-Bi2O3.22,23 So far, many different nanostructures of β-Bi2O3 pho-
tocatalysts have been successfully prepared by techniques like mag-
netron sputtering,24 sol-gel,25 spin coating,26 solution based,27,28 elec-
trochemical anodization,29–38 electrospinning,39 vapor deposition,40
but in contrast, the photoelectrochemical testing of β-Bi2O3 has not
received much attention.
Yang et al.25 prepared β-Bi2O3 on FTO substrate via sol-gel pro-
cess. While the films showed photoactivity, the bandgap was only
reduced to 2.7 eV in the optimal case. The same authors then utilized
thin films of Bi (formed on FTO using sputtering) and oxidized it in air
at high temperature to obtain Bi2O3 films.24 This preparation resulted
in a slightly better bandgap 2.63–2.82 eV. Kanazirski et al. obtained
Bi2O3 via anodization in phosphoric acid electrolyte medium at vari-
ous voltages from 100–160 V.32 The bandgap was found to be 2.8 eV
for samples anodized at 100–120 V and 2.6 eV for samples anodized
at 120–160 V. In comparison, the present study reports a bandgap of
2.48 eV that is characteristic of β-Bi2O3.
Lv et al.36 formed Bi2O3 films through anodization of bismuth
foil at 20 V in electrolytes containing glycol and ammonium sulfate.
While the study did not report a bandgap for the films, it did report that
the photocurrent generated was as large as 2.893 and 6.980 µA/cm2
under 0 and 0.5 V bias voltage, respectively. While, the results from
that study cannot be directly compared to the results from the present
study, it is pertinent to note that in the present study, potentiostatic tests
of different samples at −0.45 and 0.5 V vs Ag/AgCl, resulted in photo
current densities of ranging from 0.10 mA/cm2 to 0.97 mA/cm2. Thus,
the photo current generated from the samples prepared in the present
study is about two orders of magnitude higher than that reported by
Lv et al.36
To our best knowledge, very few studies on photoelectrochemical
performances are reported24,25,32,36 and the maximum photocurrent
reported for nanoporous thin film of β-Bi2O3, with a thickness of
210 nm deposited by a radio frequency magnetron sputtering system24
was 0.45 mA/cm2. In this investigation, we report preparation of
nanoporous layers of bismuth oxide via electrochemical anodization
of bismuth substrate in citrate based electrolyte at different potentials
in the range of 3–60 V. We will discuss the formation of these anodized
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nanoporous layers and how the effect of the anodization potential
influenced the morphology of the pores, along with the superior photo
electrochemical behavior of these materials.
Experimental
Fabrication of nanoporous oxide films.— Circular discs of 3 mm
thickness were machined out of a pure bismuth rod (99.99% pu-
rity, Alfa Aesar) of 12.7 mm diameter and were metallographically
polished before electrochemical anodization. The polished bismuth
samples were encapsulated in a sample holder exposing only 1 cm2 of
the active surface area and a platinum electrode was used as counter
electrode. The anodization was carried out at room temperature in
0.3 M citric acid (Macron Fine ChemicalsTM) at potentials ranging
from 3–60 V for 30 mins and the distance between cathode and anode
was about 1 cm. After anodization the samples were thoroughly rinsed
with DI water, air dried and were subjected to thermal annealing for
2 h at 200◦C.
Material characterization.— The samples were characterized for
surface morphology using scanning electron microscopy (LEO
SUPRA 35VP & FEI Quanta 200F). Grazing angle XRD studies were
carried out using a Bruker-AXS D8-Discover diffractometer equipped
with parallel incident beam (Göbel mirror), vertical θ-θ goniometer,
XYZ motorized stage and with a GADDS (General Area Diffraction
System). X-ray photoelectron spectroscopy (PHI Quantum 2000) was
employed to evaluate the surface valence states and electron den-
sity of states at the surface of the samples. Mono-chromated Al-Kα
(1488.6 eV) radiation was used as the source with an acceptance
angle of ±23◦ and take-off angle of 45◦. Charge correction was car-
ried out by considering the C 1s peak at 284.8 eV. Thermo Scientific
DXR Raman microscope was used to characterize the Raman active
components present in the surface films. The DXR system was fitted
with a 532 nm laser of 5 mW power. Data was collected from a spot
diameter of 0.7 µm utilizing 32 exposures at an exposure time of
5 seconds. Absorbance spectra were recorded using a Shimadzu UV-
2401PC spectrometer equipped with tungsten lamp. The scans were
recorded over a range of 250–900 nm. Barium sulfate was used as
standard reference. The step size and slit width used were 1 nm and
5 nm, respectively.
Electrochemical testing.— Photo electrochemical studies were
carried out using a three-electrode configuration with a 7.5 cm2 plat-
inum flag counter electrode, and a home-made AgCl coated silver wire
immersed in saturated KCl + AgCl solution contained in a Luggin
probe that acted as a reference electrode (calibrated as 199 mV vs.
standard hydrogen electrode). A home-made polyether ether ketone
(PEEK) sample holder was used to electrically connect the sample
with a potentiostat (Gamry Instruments, model: Reference 600) by
exposing 1 cm2 of the active surface. The samples were illuminated
using a solar simulator (SOLAR Light, Glenside, PA, USA, Model:
16S-300) with a 300 W xenon lamp, and an air mass global 1.5 filter
that gave 1-sun intensity (100 mW/cm2) at appropriate settings. The
samples were polarized at 0.5 V in 1 M KOH solution for construct-
ing the Tauc plots. Band pass filters (Edmund Optics) in the range
of 400–700 nm at 50 nm intervals were used to obtain the action
spectra. Potentiodynamic, potentiostatic, electrochemical impedance
spectroscopy (EIS), and Mott-Schottky analysis studies were carried
out with and without illuminated conditions. Potentiostatic measure-
ments were carried out in 1 M KOH solution at 0.2 V and 0.5 VAg/AgCl.
Potential Vs current plots were constructed by scanning the potential
of the sample from the open circuit potential to 0.5 V at a scan rate
of 2.5 mV/s in 1 M KOH solution. EIS measurements were carried
out under potentiostatic condition of 0.5 VAg/AgCl by super imposing a
ac signal of 10 mV and scanning the frequency from 0.1 MHz down
to 0.1 Hz. Mott-Schottky type measurements were carried out at a
frequency (f) of 1000 Hz by scanning the potential of the sample from





















































Figure 1. Anodic polarization of bismuth in 0.3 M citric acid solution with and
without illumination of simulated solar light. The inset shows the polarization
at lower potentials.
0.2 V to −0.6 V at 50 mV steps for every two seconds. All potentials
were applied with reference to an Ag/AgCl reference electrode.
Results and Discussion
Potentiodynamic Polarization.— Figure 1 shows the anodic po-
larization of bismuth in 0.3 M citric acid solution with and without
illumination of simulated solar light. The open circuit potential of the
bismuth was about 52 mV more negative under illumination which
could be attributed to the accumulation of electrons on the surface
due to the photoelectric extraction of electrons from the Fermi level
of the metal by the light.41 Increase in the anodic polarization in-
creased the current density until a critical current density was reached,
which was about 12 µA/cm2 (at 0.126 V) without illumination, and
966 µA/cm2 (at 0.312 V) with illumination. At potentials more pos-
itive than 0.22 V, the sample showed passivation under the dark con-
dition. The illuminated sample attained ‘passivity’ or field assisted
growth of a surface layer at a constant current density only above
0.375 V. The large current densities recorded for the illuminated sam-
ples could be interpreted in two ways, viz, 1) illumination caused
formation of a highly defective surface layer on the bismuth which
made the passivation difficult which required higher potential and
larger current density to grow a surface layer on the illuminated sam-
ple; or 2) a surface layer that was photo active was formed at the
early stages of passivation and the increased anodic current density
could be attributed to the photo generated electron-hole pairs. If the
pseudo constant current density regions below 1 V were considered
the passive regions, then the passive current density was in the range
of 2.5–9.5 µA/cm2 for the sample without illumination. When illumi-
nated the passive current density increased to 500–630 µA/cm2. The
anodic current density of non-illuminated sample increased sharply af-
ter reaching 1.16 V which could be attributed to the oxygen evolution
reaction (OER) in the 0.3 M citric acid solution (pH: ∼2). The OER
was observed to initiate at about 0.95 V in case of the illuminated sam-
ples. The current density remained as constant at potentials higher than
1.3 V for the non-illuminated condition. The constant current densities
implied field assisted growth of anodic oxide or surface layers on the
samples. The illuminated sample showed a current density of about
2.2 mA/cm2 and the sample without illumination exhibited 0.5
mA/cm2. The difference in the current densities became smaller as
the potential increased above 7 V. The composition of anodic oxide
film is discussed later.
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Figure 2. Transients of anodization current densities recorded at different
anodization potentials during potentiostatic anodization.
Potentiostatic anodization.— Transients of anodization current
densities recorded at different anodization potentials during poten-
tiostatic anodization are shown in Figure 2. All the anodization ex-
periments were carried out without illuminating the samples. The
anodization current could be expressed as a function of anodization
time as:
ia = i0tn [1]
Where, ia = anodization current, i0 = instantaneous (initial) current at
the time of application of a constant potential, t = time, and n = cur-
rent transient exponent (slope of log t vs. log i). Since the anodization
current decayed with time because of the thickening of the oxide layer,
the value of ‘n’ would have negative values. It was observed that the
rate of current decay in log-log scale was not constant throughout the
anodization process. Three different stages of anodization could be
delineated based on the variations of the slopes. The stage 1 occurred
within one second of anodization. The current decay was slower at
the stage 1 of the anodization, where the n value was in the range of
−0.1 to −0.14 for the anodization potentials 3–10 V, as summarized in
Table I. Similar ‘n’ values were reported for the stage-1 of the anodiza-
tion of titanium in fluoride containing ethylene glycol solution.42 The
values of the ‘n’ increased in the negative direction (implying steeper
decay kinetics) as the anodization potential increased. It was observed
that higher the anodization potential, larger was the initial anodiza-
tion current. For example, the current density recorded at 0.1 s after
applying 60 V was an order of magnitude higher than that of 3 V. The
anodization current was the result of ionization of bismuth as given in
the reaction 2:43
Bi + 3H2O → Bi2O3 + 6H+ + 6e− [2]
Table I. Summary of the current transient exponents at different
stages of the anodization.
Current transient exponent, n
Anodization potential (V) Stage 1 Stage 2 (a) Stage 2 (b)
3 −0.11 −0.22 −0.41
5 −0.12 −0.65 −0.45
10 −0.14 −0.90 −0.32
20 −0.24 −1.62 −0.31
40 −0.66 −1.23 −0.33






Figure 3. FESEM images of the nanoporous morphology of the bismuth oxide
synthesized by anodization of bismuth at 60 V for a) 3 s, b) 30 s, c) 300 s,
d) 600 s, e) & f) 1800 s.
Formation of a thicker Bi2O3 film could be visualized when the
current density was high. The pure bismuth sesquioxide film was the
barrier type inner layer. Figure 3a shows the morphology of the oxide
layer formed on the bismuth after 3 s of anodization at 60 V. When
the anodization continued, accumulation of H+ ions near the oxide
surface from the reaction [2] possibly initiated chemical dissolution
of the oxide as given in the reaction 3:
Bi2O3 + 6H+ → 2Bi3+ (aq) + 3H2O [3]
If no other species were present in the electrolyte, the reactions 2
and 3 would continue during the anodization process until a steady
state was reached that would result in a constant thickness of anodic
oxide. In such case, the anodization current may not decay after reach-
ing a steady state. In this investigation, citrate ions were present in
the electrolyte which modified the passivation kinetics. A complex
formation reaction could be proposed between the citrate and Bi3+ as
given in 4
Bi3+ + C6H5O73− → Bi (C6H5O7) [4]
Evidence of formation of bismuth citrate layer will be discussed
in the later based on the results of the XPS analysis. Presence of the
citrate layer on top of the Bi2O3 layer resulted in a large potential
drop across the surface layer, and in effect the potential drop across
the film/electrolyte, which was driving the dissolution reaction, be-
came smaller. Therefore, thickening of the inner layer continued. The
rate of growth of the inner oxide layer was controlled by the high field
conduction mechanism as discussed by Bojinov et al.32 The formation
of citrate layer, decreased dissolution of Bi2O3, and thickening of the
inner layer resulted in the steeper anodic current decay as observed in
the stage 2. Two different slopes were observed in the stage 2, referred
to as stage 2(a) and (b). The stage 2 (a) corresponded to the anodiza-
tion period up to 20 seconds, and the stage 2 (b) started afterwards.
The slopes of stage 2 (a) were much steeper than those of stage 2
(b). The slopes observed in the stage 2 (b) were almost similar and
independent of the anodization potential. This observation indicated
that the oxide growth mechanism in stage 2 (b) was similar for all
the anodization potentials and possibly a constant electric field was
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maintained for the conduction of ions during this stage. Figure 3b
shows the morphology of the surface layer after 30 s of anodization
at 60 V. The surface layer consisted of several nanopores. It is in-
teresting to note that in spite of presence of nanopores, the current
continued to decay. Later it will be shown that these nanopores are, in
fact, partial coverage of a secondary layer that grew on top of the inner
barrier layer. During the stage 3 of the anodization that occurred about
200 seconds of application of potential, a fluctuation in the current
density was observed in all the samples. The current decay stopped and
an increase in the current was observed. This type of ‘current decay
and current raise’ behavior was reported for anodization of titanium
and iron that resulted in the nanotubular or nanoporous structures.44,45
Figure 3c shows the morphology of the anodized surface after 300 s
at 60 V. Large size and high density of pores were observed after
300 s of anodization when compared to the morphology after 30 s
(Fig 3b). When the anodization was continued for 600 s, the dis-
solution of the top layer was evident that exposed the underlying
nanoporous oxide layer, encircled, as seen in Figure 3d. Figure 3e
shows the surface morphology observed in some patches of the an-
odized surface that clearly revealed the nanoporous layer present un-
derneath a top re-precipitated layer.
The fluctuations in the anodization current during the stage-3 sig-
nified the instability of the thin anodic oxide formed on the bismuth
surface under the electric field. Self-assembled nanostructured pat-
terns have been observed on the interface between two dielectric
media when exposed to an electrostatic field.46 The inner anodic ox-
ide layer, top precipitated layer (presumably consisting of bismuth
citrate), and the electrolytes are dielectrics, and the nanoporous struc-
ture observed on the inner oxide layer could be the result of the
instability of the interface induced by the electric field of the anodiza-
tion potential. The elastic, viscous, and capillary forces counteract
the electrical forces that destabilize the interface.47 Higher the elastic
modulus and surface energy of the dielectric film, larger is the required
electric field to induce instability. In case of the nanoporous anodic
oxides, the electric field alone could not be accounted for the observed
nanoporous structure because specificity of the electrolyte played a
critical role. Therefore, field assisted processes of oxide dissolution
specific to the electrolyte, and migration of ions were attributed to
the formation of nanoporous anodic oxides.48,49 Hebert et al.50 related
the morphological instability that resulted in the porous anodic oxide
to the oxide formation efficiency. These authors carried out a linear
stability analysis of the thin film oxide by considering oxide dissolu-
tion and ion migration processes as controlling steps. In addition to
field assisted ion transport, plastic flow of oxide during anodization
was also attributed to the ionic flow that promoted nanoporous oxide
structure.51,52 The nanoporous anodic oxide of valve metals such as
Al and Ti consisted of a scalloped base and pore walls that consisted
of a duplex layer of metal oxide outer wall and electrolyte ions (such
as phosphate, fluoride etc.) incorporated oxyhydroxide inner wall.53,54
The diameter of the nanopores of the anodic oxide of Al and Ti was
a strong function of anodization potential, which increased with the
increase in the potential.55 The cross sectional morphology of the bis-
muth anodic oxide prepared in citric acid solution was different from
that of conventional valve metal anodic oxides and the size of the
nanopores was not influenced by the anodization potential.
Material characterization.—The morphologies of the nanoporous ox-
ide layer prepared at different anodization potential in the range of
3–60 V are shown in Figures 4a–4f. It is observed that the diameter
of the nanopores was in the range of 30–70 nm for all the anodiza-
tion potentials. The pore size distribution of the nanoporous oxide of
the samples anodized at 60 V for 30 minutes is given in Figure S1
(Supporting information). It was observed that 80% of the pores were
having diameter in the range of 50–60 nm. Similar type of a tight
pore size distribution was noted for other anodization conditions as
well. Even though the pore diameter did not vary significantly with the
anodization potential, the pore wall thickness was found to increase
with the increase in the anodization potential. Since the nanopores




Figure 4. FESEM images of the bismuth oxide nanoporous oxide layer pre-
pared at various anodization potentials, a) 3 V, b) 5 V, c) 10 V, d) 20 V,
e) 40 V and f) 60 V for 30 mins.
increase in the wall thickness. The anodization potential lower than
20 V typically revealed wall thicknesses in the range of 10–25 nm;
whereas anodization at 60 V exhibited wall thickness in the range of
30–60 nm. In other words, the number of nanopores per unit area
decreased with increase in the anodization potential in the citric acid
solution. Figure S2 (supporting information) shows the cross sectional
images of the oxides anodized at various anodization potentials. A
dual layered structure of the anodic oxide is clearly seen. The bottom
layer (inner layer) did not reveal any porosity. This layer was con-
sidered impervious barrier type layer. On top of this layer a porous
structure was observed. It should be noted that the inner barrier type
layer was considerably thicker than the similar layers reported for
the conventional valve metals. Table II summarizes the thicknesses of
the oxides prepared at different anodization potentials. The reported
thickness values were average measurements of two or three samples
on multiple locations. The tabulated values exhibited a general trend
even though the variation in the thicknesses between two samples of
the same anodization conditions was as high as 20%. The total thick-
ness of the anodic oxide and the thickness of the nanoporous com-
ponent increased with the increase in the anodization potential. The
Table II. Average thicknesses of anodic oxides prepared at
different potentials for 30 minutes of anodization.
Anodization Total thickness Nanoporous layer
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thickness of the barrier type layer also increased with the increase in
the anodization potential. The ratio of inner oxide thickness to total
oxide thickness increased at higher anodization potentials (>20 V).
The higher fraction of the inner oxide layer could possibly be a re-
sult of the increased dissolution of the outer nanoporous oxide layer
at high anodization potentials. This phenomenon could be explained
based on the high concentration of cation vacancies generated at the
oxide/electrolyte interface by oxide dissolution. These vacancies were
transported by electric field to the metal/oxide interface and are made
available for the metal cation to occupy and grow as the inner oxide
layer.56 The thickness of the inner oxide layer played a major role in
determining the photo activities as shown in a later section.
Based on the current transients measured during the anodization,
and electron microscopic images the mechanism of the formation of
nanoporous anodic bismuth oxide could be outlined as followed: The
nanoporous anodic oxide formation was observed to be electrolyte
specific. For example, anodization in NaOH solution or fluoride con-
taining electrolytes did not result in the nanoporous oxide. Addition
of glycerol to the citric acid solution was observed to improve the
nanoporous morphology. It was considered that addition of glycerol
would decrease the surface tension of the electrolyte and also modify
the surface energy of the oxide by adsorption of the carbonaceous
species. These observations indicated that surface energy of the an-
odic layer played a significant role on the nanopore formation. The
nanoporous pattern formation during anodization of bismuth in cit-
ric acid could be explained by an external field-induced interfacial
instability of the oxide layer. In this case, the external fields causing
the instability were the applied electric field, the stress field caus-
ing plastic flow, and the concentration field causing ionic flow. The
stabilizing force acting against the external fields was considered to
be the interfacial energy. Here no attempt is being made to develop
a quantitative model to describe the nanoporous oxide formation.
However, the possible contributions of these forces while forming
the nanopores are qualitatively described. The solubility of oxygen
in bismuth at 1273 K is less than 2.4 at%.57 The oxygen solubility
of bismuth at room temperature will be much smaller than the re-
ported value of the superheated liquid metal. On the other hand valve
metals such Ti and Zr show considerably high oxygen solubility at
room temperature (34 at%58 and 28.6 at%, respectively). During the
anodization of Ti or Zr, the metal substrate just underneath the oxide
layer can accommodate a significant amount of oxygen as solid solu-
tion without forming oxide. The incorporation of oxygen in the metal
limits the thickness of the barrier type oxide layer which has been
reported by several investigators.9,13 Furthermore, the metal beneath
the oxide layer is strengthened by the incorporation of oxygen as solid
solution and therefore, the plastic deformation by growth stresses is
small. Whereas, in bismuth these phenomena are absent due to its
very limited solid solubility to oxygen. The thicker barrier type layer
observed in the anodized bismuth as seen in Figure S2 (supporting in-
formation) could be attributed to the lower solubility of oxygen in the
pure metal that made all oxygen available for oxide formation. Since
the metal substrate was not solid solution strengthened by the oxygen,
it was subjected to significant plastic deformation by the stress field. It
is well documented that bismuth oxides (δ-Bi2O3, in particular) show
very high diffusivities for oxygen.59 It could be argued that enhanced
mass flow (in terms of plastic deformation, and ionic transport) ac-
companied by the reduction in the interfacial energy (because of the
specific species in the electrolyte) helped enhance the instability of
the interface under the electric field that resulted in the nanoporous
pattern of the anodic oxide.
The anodic oxide was predominantly amorphous in the as-
anodized condition. Annealing the samples at 200◦C resulted in
the crystalline structure. During annealing in ambient air, the inner
layer (amorphous Bi2O3) was converted into β-Bi2O3, and the outer
nanoporous layer that presumably consisted of a mixture of Bi2O3 +
Bi(C6H5O7) was also converted to β-Bi2O3 as observed from the XRD
analyses. Figure 5 shows the XRD pattern of the samples anodized at
10 V and annealed at 200◦C for 2 h. All the samples showed β-Bi2O3
to be the predominant component. The following reactions are con-
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Figure 5. X-ray diffraction pattern of the nanoporous bismuth oxide synthe-
sized by anodization of bismuth at 10 V for 30 minutes and annealed at 200◦C
for 2 h.
sidered for the conversion of bismuth citrate in to bismuth carbonate
oxide and bismuth oxide. During annealing at 200◦C in air:
2 [Bi (C6H5O7)] + 9O2 → Bi2(CO3) O2 + 11CO2 + 5H2O [5]
Annealing at 200◦C for 2 h resulted in decomposition of bismuth
carbonate oxide phase and formation of predominantly the β-Bi2O3
phase, given by the reaction:
Bi2 (CO3) O2 → Bi2O3 + CO2 [6]
As discussed in the introduction, it is documented that calcination
of bismuth carbonate oxide precursor stabilizes the tetragonal β-Bi2O3
at room temperature.60
Bi-4f spectra obtained from the as-anodized and annealed anodic
bismuth oxide are provided in Figures 6a and 6b, respectively. The
spectrum obtained from the as-anodized sample was observed to be
wider than the spectrum obtained from the annealed sample. Peak-
fitting of the Bi-4f spectra of the as-anodized sample showed the
presence of two components, at 157.7 and 163.0 eV, correspond-
ing to bismuth carbonate (labeled as B and E)61 and at 158.6 and
163.9 eV, corresponding to bismuth oxide (labeled as C and F).62 The
binding energy of Bi-4f7/2 at 158.6 eV is associated with the tetrag-
onal polymorph of the bismuth oxide.27 Figures 6c and 6d show the
O-1s spectra of the as-anodized and annealed anodic bismuth oxide,
respectively. The shoulders of the O-1s spectra could be attributed
to the Bi-O in (BiO)2CO3 (labeled as A), O2− (labeled as B) and
adsorbed water (labeled as C) on the surface.63 The predominant
shoulders present on the O-1s spectra also indicated the possibility of
significant concentration of oxygen vacancies present in the anodic
oxides.64
The Raman spectra of the anodic nanoporous Bi2O3 annealed at
200◦C for 2 h before and after the photo electrochemical (PEC) testing
are shown in Figure 7. The spectrum consisted of three major Raman
features at ∼457, 312, 122, 91 and 70 cm−1. Hardcastle et al65 reported
the Raman frequencies of the displacements of oxygen atoms with
respect to the bismuth atom that resulted in stretching of Bi-O bonds
in the BiO6 octahedra to be 462, 311, and 124 cm−1. The Raman
features associated with α-Bi2O3 are reported to be 212, 278, 335,
410, 445 and 538 cm−1. Based on the reported Raman frequencies,
the Raman spectrum of Figure 7 could be associated with the β-Bi2O3
phase. The Raman bands observed at lower frequencies such as 90
and 70 cm−1 could be assigned to the Eg and A1g vibration modes of
Bi respectively.40
Figure 8a shows the UV-VIS diffuse reflectance spectroscopic re-
sults of the nanoporous Bi2O3 annealed at 200◦C for 2 h. A sharp
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Bi 4f7/2
Bi 4f5/2
a) As-anodized Bi- 4f




d) Anodized + annealed O-1s
Figure 6. XPS spectra of (a) as anodized bismuth oxide surface- Bi 4f; (b) anodized and annealed bismuth oxide surface- Bi 4f, where B and E: bismuth carbonate,
C and F: bismuth oxide, (c) as anodized bismuth oxide surface- O 1s; and (d) anodized and annealed bismuth oxide surface- O 1s, where A: carbonate, B: Oxide,
C; Water.
absorbance shoulder was observed to take off at a wave length of
500 nm corresponding to an energy level of 2.48 eV. This energy level
is associated with the bandgap of β-Bi2O3. There were additional ab-
sorbance shoulders observed at energy levels of 2.7 eV and 2.95 eV.
The absorbance at energy levels of 2.2–3.1 eV is usually attributed to
the Bi3+ intra-ionic electronic transitions and charge transfer transi-
tions between oxygen ligands and Bi3+ ions.66 The minor absorbance
shoulder observed at 2.7 eV could be attributed to the possible pres-
ence of sub carbonate phase in the sample. The optical absorption
coefficient of Bi2S3 has been reported to be around 2×105 cm−1 in
the wavelength of 400–700 nm.67 Similarly, the optical absorption
coefficient of Bi2O3 has been reported to be in the range of 2×104–
1×105 cm−1 in the wavelengths range of 600–400 nm.68 Based on the













Figure 7. Raman spectra of the bismuth oxide nanoporous oxide layer pre-
pared at anodization potentials, 10–60 V for 30 mins and annealed at 200◦C
for 2 h.
absorption coefficient, the required thickness of the Bi2O3 thin film to
harvest the light having wavelengths of 600 nm and 400 nm would be
about 5 µm and 1 µm respectively. Presence of oxygen vacancies has
been reported to shift the absorption spectra to longer wavelengths
due to excitation of electrons from the donor levels of reduced Bi3+
to the conduction band.66 It was observed that the sample anodized
at 20 V showed better optical absorbance of light in the wavelengths
of 400–500 nm than other samples. The as-anodized sample showed
wider bandgap than the annealed samples. Figures 8b and 8c show the
Tauc plots of the annealed anodic Bi2O3 samples that were anodized
at different potentials associated with direct and indirect transitions,
respectively. It was observed that increasing the anodization poten-
tial resulted in marginal redshift in the direct bandgap values. For
example, the sample anodized at 60 V showed a direct bandgap of
2.26 eV as against 2.42 eV for the sample anodized at 5 V. On the
other hand, the indirect bandgap of the anodic Bi2O3 remained at
2.08 eV irrespective of the anodization potential. Overall, the results
of XRD, Raman spectroscopy, and the UV-Vis photo spectroscopy
confirm that the annealed anodic oxide was predominantly β-Bi2O3
irrespective of the anodization potential. As discussed in the intro-
duction section, the tetragonal phase of the bismuth oxide shows the
highest photo activity among the different polymorphs of Bi2O3.
I-V behavior.—Figure 9a shows photocurrent densities of the sam-
ples anodized at 3 V, 5 V and 10 V under interrupted illumination
conditions during an anodic potential scan from the open circuit po-
tential to 0.5 VAg/AgCl. The onset of the photo current was observed
at around −0.45 VAg/AgCl. The increase in the bias potential increased
the photo current whereas the dark current remained almost con-
stant after an initial increase during the potential scan from −0.55 to
−0.38 V. During the potentiodynamic test, the maximum dark cur-
rent value recorded was less than 0.10 µA/cm2 for all the samples.
The maximum photo current densities recorded at 1-sun intensity
(100 mW/cm2) during the potentiodynamic test at 0.5 V were 0.58,
0.61, 0.79 mA/cm2 for the samples anodized at 3, 5, 10 V, respectively.
Figure 9b shows the I-V plots of the samples anodized at 20, 40, and
60 V and annealed at 200◦C, for 2 h. The samples anodized at 20 V and
higher potentials showed similar trends of the photo activities as those
of the samples anodized at lower than 20 V. The sample anodized at
60 V showed higher photo current density than other samples at lower
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Figure 8. Energy bandgap of the bismuth oxide nanoporous oxide layer prepared at various anodization potentials based on: (a) the UV-VIS diffuse reflectance
measurements; (b) Tauc plots of the annealed Bi2O3 samples corresponding to a direct transition; and (c) Tauc plot of indirect transition.



































































Figure 9. Potential vs current density plots of the anodic Bi2O3 prepared at different anodization potentials: (a) 3–10 V; and (b) 20–60 V. Thermal oxidation was
carried out at 200◦C for 2 h. The potentials were scanned at a rate of 2.5 mV/s in 1 M KOH solution and illuminated with a 1-sun intensity simulated solar light.
The light was interrupted at regular intervals to record the dark current.
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Figure 10. Photo current and dark current densities of the anodic Bi2O3 prepared at different anodization potentials: (a) 3–10 V; and (b) 20–60 V. Thermal
oxidation was carried out at 200◦C for 2 h. The samples were polarized at 0.2 V Ag/AgCl for first 300 seconds and then at 0.5 V Ag/AgCl for another 300 seconds
in 1 M KOH solution and illuminated with a 1-sun intensity simulated solar light. The light was interrupted at regular intervals to record the dark current.
bias potentials (from OCP to +50 mV Vs Ag/AgCl). However, at
higher bias potentials (>0.1 VAg/AgCl), the sample anodized at 20 V
showed the highest photo current. The maximum photo current den-
sities recorded at 0.5 VAg/AgCl were 1.0, 0.85, and 0.65 mA/cm2 for
the samples anodized at 20, 40, and 60 V respectively. The higher
photo activity of the sample anodized at 20 V could be associated
with the thicker nanoporous oxide layer (620 nm Vs ∼400 nm) that
harvested a large portion of light and relatively thinner nanopore walls
that facilitated faster hole transport to the electrolyte interface. Sur-
face area of the sample is considered to play a critical role in the
photo catalytic activity. Table S1 (supporting information) gives an
estimation of the surface area of the nanoporous anodic bismuth oxide
samples per 1 cm2 of the projected area. The estimated surface areas
of the samples prepared by anodization at 10–60 V were almost simi-
lar. However, significantly different maximum current densities were
measured at a bias potential of 0.5 VAg/AgCl. The decrease in the pho-
tocurrent densities with increase in the anodization potentials of the
samples could be correlated to the thicker walls of the nanopores. The
increase in the anodization potentials resulted in the increased wall
thickness of the nanopores. It is envisaged that the thicker walls of the
nanoporous structure promoted recombination of the photo generated
electron-hole pairs.
Figure 10a shows the current transients during the potentiostatic
tests of different samples at 0.2 and 0.5 VAg/AgCl (1.53 VRHE). The
recorded photo current densities of the 3 V, 5 V and 10 V are 0.57,
0.60, 0.97 mA/cm2 respectively at 0.5 VAg/AgCl (1.53VRHE). The sam-
ple anodized at 10 V showed higher photo current density than the
samples anodized at 3 and 5 V at all the bias potentials. It is interesting
to note that the recorded current values during the potentiostatic test at
0.5 V were slightly different from that of the potentiodynamic test as
seen in the Figure 10a. This observation indicated that the kinetics of
electron-hole separation occurred faster under a dynamically varying
electric field than under a static electric field. The dark current den-
sities were much smaller under potentiostatic conditions. Otherwise,
no significant difference in total current densities of the samples was
noted under illumination between the potentiodynamic polarization to
0.5 V and potentiostatic test at 0.5 V. The photo current was observed
to decay almost exponentially. The exponential decay of the photo
current during the illumination conditions could be attributed to the
following reasons: a) faster recombination of electron and holes; b)
accumulation of H+ ions within the nanoporous surface of the oxide
layer due to the water oxidation reaction as given in the reaction 7; c)
possible accumulation of the holes at the surface of the nanoporous
oxide electrode due to low catalytic activity of the Bi2O3 for the oxy-
gen evolution reaction; and (d) adhesion of the oxygen bubbles on the
nanoporous surface that caused scattering of the light.
It is known that the photo generated electrons and holes are sep-
arated by the electric field at the space charge layer. The electrons
are extracted at the back side of the electrode and available for the
hydrogen reduction reaction. The flow of these electrons is recorded
as the photo current. The holes are consumed at the surface of the
nanoporous Bi2O3 photo anode through the reaction:
2H2O + 4h+ → 4H+ + O2 [7]
However, it is well established that bismuth based oxides have low
catalytic activity for oxygen evolution reaction.69 The slower oxygen
evolution kinetics of bismuth oxide resulted in accumulation of holes
at the surface and lead to recombination losses. Figure 10b shows
the photo currents recorded at constant potentials as a function of
time for the samples anodized at 20–60 V. The recorded photo current
densities of the 20 V, 40 V and 60 V are 0.96, 0.82, 0.65 mA/cm2
respectively at 0.5 VAg/AgCl (1.53VRHE). The sample anodized at 60 V
showed higher photo current density at 0.2 V than other two samples.
The trend was different at higher bias potentials (0.5 VAg/AgCl), where
the sample anodized at 20 V showed the highest photo current density.
It is interesting to note that the sample anodized at 10 V showed better
photo activity under all the bias potentials than any other sample. This
could be attributed to the relatively thinner oxide layer observed under
this anodization condition, where the recombination losses occurred
in the inner oxide was minimum. Furthermore, the difference in photo
activities of the samples under different bias potentials indicated that
the photo activity was strongly influenced by the electric field within
the oxide layer that separated the photo generated electron-hole pairs.
The thickness of nanopore walls, and length of nanopores of the
anodic oxide layer prepared at 10 V were smaller than those prepared
at higher anodization potentials. Thinner the wall, higher will be the
probability of the holes reaching the oxide/electrolyte surface and
participating in the water oxidation reaction. If the thickness of the
oxide is small, then the electric field available for charge separation
for a given bias potential will be high. Overall, the sample anodized at
10 V was found to have the optimum thickness of the oxide for a better
photo activity. The observed photo current density of the nanoporous
anodic oxide of bismuth was an order of magnitude higher than that
of the planar anodic oxide,32 and 100% higher than that of thin film β-
Bi2O3 prepared by reactive sputtering24 under the similar experimental
conditions.
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Figure 11. Electrochemical impedance spectroscopy (Bode plots) of the anodic nanoporous Bi2O3 samples anodized at 10 V for 30 min and 20 V 30 min and
annealed at 200◦C for 2 h in 1 M KOH with applied potential of 0.5 V without (a) and with (b) illumination. Z (filled markers)–refers to impedance modulus and
ω (unfilled markers) refer to phase angle.
In order to evaluate the stability of the nanoporous β-Bi2O3 photo
electrodes, potentiostatic polarization studies were carried out under
illuminated conditions at 0.5 VAg/AgCl for 1 h. During this test, the
hydrogen evolution at the platinum electrode was measured by the
electrolyte displacement method using an inverted pipette. Figure S3
(supporting information) shows the photocurrent density as a function
of time. During the start of the test, the photo current density was as
high as 4 mA/cm2, which decayed abruptly to 0.6 mA/cm2 within
600 seconds and decreased further slowly to less than 0.2 mA/cm2
at the end of the 1 h test. Figure S4 (supporting information) shows
the volume of hydrogen evolution as a function of time. The total
volume of hydrogen collected in the pipette was 115 microliters. The
theoretically calculated volume of hydrogen accumulation based on
the charge calculation by integrating the photocurrent transient plot
was 142 microliters. This difference in the values could be attributed
to the dissolved hydrogen in the KOH electrolyte column of the 2 ml
pipette. The solubility of hydrogen in 1 M KOH at room temperature
was reported to be 12 cc/l.70 Therefore, about 24 microliters of hy-
drogen would be dissolved in the pipette solution. The unaccounted
3 microliters of hydrogen could have been lost by leaking out or by
other unaccounted parasitic reactions. Overall, the average rate of hy-
drogen evolution using the β-Bi2O3 was about 0.115 ml/cm2 area of
the electrode in 1 M KOH electrolyte at 0.5 VAg/AgCl bias potential
under the simulated 1-sun intensity illumination. After the hour long
potentiostatic photoelectrochemical tests, the samples were analyzed
under the SEM and XRD. Figures S5 and S6 (supporting informa-
tion) show the SEM image and XRD of the photo electrode samples,
respectively, after the long term illumination. No significant change
in the nanoporous morphology of the anodic bismuth oxide after the
one-hour long photo electrochemical test as seen in the Fig S5. The
XRD results did not reveal formation any new phases and all the peaks
were identified as β-Bi2O3. The results indicated that in spite of the
significant photo current decay, the nanoporous bismuth oxide showed
stability of the morphology and phase content.
Electrochemical impedance spectroscopy.— Figures 11a and 11b
shows the results of electrochemical impedance spectroscopy in the
form of Bode plots with and without illumination of the samples.
The impedance data of the samples anodized in different conditions,
in the form of Nyquist and Bode plots, are given in the supporting
information as Figures S7 and S8. The impedance data could be
fitted with an equivalent circuit model consisting of two parallel RC
circuits as shown in the Figure 12. The entire Bi2O3 anodic oxide
was represented by a resistor, R1, and a leaky capacitor (constant
phase element) Q1. Within the oxide layer, the nanoporous part was
represented by another resistor R2 and a constant phase element Q2.
The impedance of a constant phase element is given as:
Z (ω) = 1/( jω)mQ [8]
Where, Z = impedance, ω = frequency, j = √–1, Q represents inter-
facial capacitance and has a unit of capacitance when m = 1, surface
heterogeneity or continuously distributed time constants for charge-
transfer reaction are represented by m <1.
Table III summarizes the values of the circuit components. The
resistance, Rs corresponds to the resistance of the solution. In spite of
employing similar concentration of the solution for all the sample, the
sample anodized at lower potentials showed relatively higher resis-
tance than the samples anodized at potentials higher than 20 V. This
could be attributed to the tortuous path of the electrolyte penetrat-
ing the less ordered nanoporous anodic oxide. The R1 was assumed
predominantly to be determined by the resistance of the inner oxide
layer. Thicker the inner oxide layer, larger was resistance. There-
fore, the samples anodized at 40 and 60 V showed higher values of
the R1 than other samples. The resistance values were high in the
dark (not-illuminated) condition. Upon illumination, the resistance
became smaller. This observation implied that the inner oxide layer
was effectively harvesting the light. The component Q1 considered
predominantly to represent the capacitance like behavior of the in-
ner oxide layer and Q2 represents the capacitance of the nanoporous
layer. It was observed that the capacitance of the nanoporous ox-
ide was larger, for most of the samples, than that of the inner oxide
layer, as expected, because of the increased surface area. The val-
ues of Q1 and Q2 increased significantly under illumination, which
could be attributed to the photo generated charge carriers. The value
of ‘m’ was larger (closer to unity) than the value of ‘n’ for each sam-
ple, especially under dark condition, signifying that the inner oxide
layer was more homogeneous than the outer layer. The capacitance
Figure 12. Equivalent circuit for the EIS data in Table III.
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Table III. Summary of the values of the equivalent circuit elements describing electrochemical impedance of anodized Bi2O3 oxide samples in
1 M KOH solution with and without illumination at 0.5 VAg/AgCl.
Sample Rsol !cm2 R1 !cm2 R2 !cm2 Q1 (!cm2)−1sm m Q2 (!cm2)−1sm n
5V-dark 18.23 1.18 × 103 25.7 × 103 3.5 × 10−9 0.90 3.22 × 10−4 0.64
5V- light 12.4 905.8 593 5.68 × 10−6 0.81 7.3 × 10−3 0.81
10V-dark 12.6 2.4 × 103 2.3 × 103 5.8 × 10−6 0.88 7.3 × 10−4 0.76
10V-Light 8.86 780 346 4.8 × 10−6 0.78 11.5 × 10−3 0.76
20V-Dark 18.6 1.66 × 103 50.4 × 103 1.2 × 10−6 0.91 1.74 × 10−4 0.68
20V-Light 12.8 755.3 303.9 8.6 × 10−6 0.70 15.9 × 10−3 0.98
40V-dark 9.2 35 × 103 58.3 × 103 4.26 × 10−6 0.71 1.38 × 10−4 0.75
40V-light 5.1 428 1.2 × 103 1.2 × 10−7 0.92 1 × 10−6 0.81
60V-Dark 6.9 32.5 × 103 8.78 × 103 6.37 × 10−7 0.87 4.2 × 10−6 0.82
60V-Light 6.8 1067 1.34 × 103 1.5 × 10−6 0.80 39 × 10−6 0.39
values of nanoporous layer (Q2) of the samples anodized at 10 V
and 20 V were significantly higher than that of samples anodized at
40 V and 60 V. Klahr et al71 correlated the interfacial capacitance






= q2 ∗ DO S [9]
Where q = elementary charge (coulomb), DOS = density of states
having units as cm−2 eV−1.
High electron density of states indicates better charge transport.
The increased photo activities of the samples anodized at 10 and
20 V, therefore, could be attributed to the possible high density of
states available at the nanoporous structure.
Mott-Schottky analysis.— Mott-Schottky results of the sample an-
odized at 20 V for 30 min with and without illumination is shown
in Figure 13. The Mott-Schottky results of other samples are given
in the supporting information as Figure S9. The slope of the Mott-
Schottky plot is considered for calculation of the defect or charge
carrier density, ND, based on the relation:
ND = 2/ (e.ε.ε0.m) , [10]
where e = elementary charge, ε = dielectric constant of the semi-
conductor, ε0 = permittivity in vacuum, and m = slope of the Mott-
Schottky plot. From the above relation, it could be noted that shallower
the slope larger will be the defect density. From the positive slope of the
Mott-Schottky plots it can be concluded that the anodic nanoporous
Bi2O3 showed n-type behavior. Therefore, the majority charge carriers
will be electrons. The charge carrier densities of the annealed anodic
Bi2O3 samples anodized at 3–10 V under the dark condition were in
the range of 1.5–4.8×1018 cm−3. On the other hand the samples an-
odized at 20–60 V showed an order of magnitude lower charge carrier
density in the range of 1.4–2.4 × 1017 cm−3. Upon illumination, the
charge carrier densities of the samples anodized between 3 and 10
V were in the range of 4.6 × 1018–1.9 × 1019 cm−3. The samples
anodized at 20–60 V showed more than an order of increase in the
charge carrier densities upon illumination. The increase in the charge
carrier density could be attributed to the decrease in the impedance
as noted in the previous section. The charge carries could be associ-
ated with the oxygen vacancies that were inherently formed during
anodization. It should be noted that the β-Bi2O3 has a distorted flu-
orite structure with 25% of ordered vacant oxygen sites along (001)
planes.72
The samples anodized at potentials higher than 5 V showed two
distinct regions of different slopes in the Mott-Schottky plots. The two
different slopes could be attributed to ionization of defects possibly
present at two different energy levels separated by about 0.2 eV under
the dark conditions. Furthermore, the different slopes also could be
associated with the presence of dual layers of the anodic oxide with
distinctly different morphologies. Table IV shows the summary of the
Mott-Schottky results of all the samples. The charge carrier densities
for the dark conditions only for the low band bending conditions
(from OCP to −0.2 VAg/AgCl) are reported. The increased photo current
density of the sample anodized at high potentials could be attributed
to the higher charge carrier density upon illumination than that of the
sample anodized at low potentials.


















 20V 30min Dark
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Figure 13. Mott-Schottky of the anodic nanoporous
Bi2O3 anodized at 20 V for 30 min and annealed
at 200◦C for 2 h in 1 M KOH with and without
illumination.
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Table IV. Summary of the Mott-Schottky analyses.
Flat band potential, Charge carrier
Sample V Ag/AgCl density, cm−3
3 V 30 min Dark −0.10 4.82 × 1018
Illuminated −0.74 1.10 × 1019
5 V 30 min Dark −0.70 4.00 × 1018
Illuminated −0.54 4.56 × 1018
10 V 30 min Dark −0.70 1.57 × 1018
Illuminated −0.85 1.89 × 1019
20 V 30 min Dark −0.62 1.33 × 1017
Illuminated −0.60 2.68 × 1019
40 V 30 min Dark −0.62 1.40 × 1017
Illuminated −0.61 2.68 × 1019
60 V 30 min Dark −0.64 1.44 × 1017
Illuminated −0.63 1.40 × 1019
The flatband potential of the samples was determined from the
intercept of potential axis of the Mott-Schottky plots where 1/C2 = 0.
The flatband potential for an n-type material can be expressed as:73
EFB = EC + !EF + VH + EO [11]
Where, EFB is the flatband potential with respect to a reference elec-
trode (Ag/AgCl in this case), !EF is the difference between the Fermi
level and majority carrier band edge (EC), VH is the potential drop
across the Helmholtz layer, and EO is the scale factor relating the
reference electrode redox level to the absolute vacuum scale (–4.7
V for saturated Ag/AgCl). !EF can be calculated using the standard
relation:
!EF = kT ln (ND/Nc) [12]
Where, k = Boltzmann constant, T = temperature, ND = charge carrier
density determined from the Mott-Schottky plot, and Nc = effective








Where, m∗e = equivalent mass of electrons, h = Planck’s constant, k
= Boltzmann’s constant, and T = temperature. The effective mass of
electrons in α-Bi2O3 is considered as 0.68 times the mass of electron.
Considering the effective density of states in conduction band to be
around 1.4×1025 m−3 and charge carrier densities of 1.6×1024 m−3
under dark condition, the !EF of the sample anodized at 10 V can
be calculated in the potential scale as: −0.056 V in the dark con-
dition. Using the relation [11], one can calculate the position of the
conduction band edges of the anodic nanoporous Bi2O3 and analyze
the energetics of the electrochemical water splitting process. If the
flatband potential is measured at a pH corresponding to zero point
of charge (pHZPC), then the VH will be zero because of the absence
of the absorption at the electrode interface. In case of the Bi2O3, the
pHZPC has been reported75 as 6.2. Therefore, significant adsorption of
OH− would be expected on the surface of the nanoporous oxide layer
and the potential drop across the Helmholtz layer should be consid-
ered. Since the magnitude of VH was a strong function of electrolyte
and all the experiments were carried out in the same electrolyte, the
contribution of VH was not considered in the calculation of the band
edges in this work. This is justifiable because the band edge varia-
tion were compared between different annealing conditions of similar
material.
Figure 14 shows the schematic of a simplified potential level dia-
gram illustrating the positions of the Fermi level, and conduction band
edge of the anodic nanoporous Bi2O3 with reference to the Ag/AgCl
electrode. The Fermi level of the material was determined from the
flatband potential. The conduction band minimum was observed to be
at –3.94 eV with reference to the absolute vacuum scale. The valence
Figure 14. Schematics of the potential levels of anodic (anodized at 10 V)
nanoporous Bi2O3 in pH:14 solution with reference to absolute vacuum scale
and saturated Ag/AgCl electrode (Not to scale). All energy scales were con-
verted to potential scale (1 eV corresponds to 1 V).
band maximum was positioned at 1.44 eV below the energy level of
H2O/O2, and thus providing energetic holes for oxygen evolution re-
action. The potentials of the hydrogen and oxygen evolution reactions
pertain to pH:14. It was observed that the conduction band edge of
the sample was about 0.27 V below the hydrogen reduction potential
indicating requirement of an external bias to split water. Since the va-
lence band was well below the oxygen evolution potential, the holes
were energetic for participating in the water oxidation reaction.
It is interesting to note that the flatband potentials of most of the
samples shifted to more positive potentials upon illumination than
that of dark conditions (Table IV). The positive shift of the potentials
indicated accumulation of the photo generated holes on the surface of
the anodic oxides. This could be attributed to the low activity of the
nanoporous bismuth oxide for the oxygen evolution reaction, similar
to the behavior reported for BiVO4.76 In order to make the anodic
nanoporous bismuth oxide layer a practically useful electrode mate-
rial for water splitting, two modifications could be implemented which
are the directions for further research and beyond the scope of this
manuscript. These modifications are: 1) addition of hole scavengers
such as hydrogen peroxide, methanol etc. The hole scavengers may
potentially mitigate accumulation of holes on the nanoporous surface
which could increase the photo current and hinder photo oxidation of
Bi3+ to higher valence states. However, the drawback of this approach
would be difficulty in controlling the electrolyte chemistry in a prac-
tical device. Furthermore, addition of hole scavenger would not lead
to stoichiometric hydrogen and oxygen evolution by water splitting
reaction since the oxygen evolution would still be retarded. 2) The
next approach could be provision of a layer of catalyst that promotes
oxygen evolution reaction (OER) such as cobalt phosphate, FeOOH,
NiOOH, nickel borate etc. Deposition of a transparent OER catalyst
on the anodic nanoporous bismuth oxide layer would help not only
stabilize the photo current but also enhance the photo activity.74
Conclusions
Thin films of nanoporous bismuth oxide were synthesized by a
simple electrochemical anodization of bismuth substrate at constant
potentials in the range of 3–60 V in 0.3 M citric acid solution. The
anodic oxides exhibited a dual layered structure having a planar inner
oxide and nanoporous outer oxide. The thickness of the oxides in-
creased with the anodization potentials up to 10 V and then decreased
after 20 V. The diameter of the nanopores was not affected by the
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anodization potential but the nanopore wall thickness increased with
the anodization potential. Annealing the anodic nanoporous Bi2O3
at 200◦C for 2 h resulted in stabilization of the metastable β-Bi2O3
phase that showed tetragonal symmetry and n-type semiconductivity.
A maximum photo current density of 0.97 mA/cm2 was observed at
1.53 VRHE for the sample anodized at 10 V. The nanoporous anodic
oxides showed a charge carrier density in the range of 1.2 × 1017–
4.8 × 1018 cm−3 without illumination and about 60% increase in the
charge carrier density upon illumination. The flat potentials shifted
to positive values upon illumination which indicated accumulation of
holes on the surface that did not participate in the water oxidation
reaction.
Acknowledgments
The authors acknowledge the financial support of the Defense Ad-
vanced Research Projects Agency (DARPA) through the grant YFA
N66001-12-1-4252. The support of Dr. William Casebeer (program
manager), and Dr. Judah M Goldwasser (mentor) is gratefully ac-
knowledged. The authors at UNR acknowledge the support from the
Department of Energy under contracts DE-FC36-06-GO86066 and
DE-EE0003158.
References
1. H. Masuda and K. Fukuda, Science, 268, 1466 (1995).
2. V. P. Parkhutik and V. I. Shershulsky, Journal of Physics D: Applied Physics, 25,
1258 (1992).
3. D. Gong, C. A. Grimes, O. K. Varghese, W. Hu, R. S. Singh, Z. Chen, and
E. C. Dickey, Journal of Materials Research, 16, 3331 (2001).
4. D. Gu, H. Baumgart, G. Namkoong, and T. M. Abdel-Fattah, Electrochemical and
Solid-State Letters, 12, K25 (2009).
5. Y. Guo, X. Quan, N. Lu, H. Zhao, and S. Chen, Environ. Sci. Technol., 41, 4422
(2007).
6. Z.-G. Zhao and M. Miyauchi, Angewandte Chemie International Edition, 47, 7051
(2008).
7. J. M. Macak, H. Tsuchiya, L. Taveira, S. Aldabergerova, and P. Schmuki, Angewandte
Chemie International Edition, 44, 7463 (2005).
8. J. M. Macák, H. Tsuchiya, A. Ghicov, and P. Schmuki, Electrochemistry Communi-
cations, 7, 1133 (2005).
9. Z. Zhang and P. Wang, Energy Environ. Sci., 5, 6506 (2012).
10. J. M. Macak, H. Tsuchiya, A. Ghicov, K. Yasuda, R. Hahn, S. Bauer, and P. Schmuki,
Current Opinion in Solid State and Materials Science, 11, 3 (2007).
11. S. P. Albu, A. Ghicov, J. M. Macak, R. Hahn, and P. Schmuki, Nano Letters, 7, 1286
(2007).
12. J. M. Macak, M. Zlamal, J. Krysa, and P. Schmuki, Small, 3, 300 (2007).
13. I. S. Cho, Z. Chen, A. J. Forman, D. R. Kim, P. M. Rao, T. F. Jaramillo, and X. Zheng,
Nano Letters, 11, 4978 (2011).
14. K. Sivula, F. Le Formal, and M. Grätzel, ChemSusChem, 4, 432 (2011).
15. N. C. Norman, Chemistry of arsenic, antimony, and bismuth, Blackie Academic &
Professional, London; New York (1998).
16. X. Lin, F. Huang, W. Wang, and J. Shi, Scripta Materialia, 56, 189 (2007).
17. S. P. Berglund, D. W. Flaherty, N. T. Hahn, A. J. Bard, and C. B. Mullins, The Journal
of Physical Chemistry C, 115, 3794 (2011).
18. D. Cao, Z. Wang, Z. Nasori, L. Wen, Y. Mi, and Y. Lei, Angew. Chem. Int. Ed. Engl.,
53, 11027 (2014).
19. A. Zhu, Q. Zhao, X. Li, and Y. Shi, ACS Applied Materials & Interfaces, 6, 671
(2013).
20. J. Hou, C. Yang, Z. Wang, W. Zhou, S. Jiao, and H. Zhu, Applied Catalysis B:
Environmental, 142, 504 (2013).
21. Y. Qiu, M. Yang, H. Fan, Y. Zuo, Y. Shao, Y. Xu, X. Yang, and S. Yang, CrystEng-
Comm, 13, 1843 (2011).
22. M. Miyayama, H. Terada, and H. Yanagida, J. Am. Ceram. Soc., 64, C (1981).
23. S. Horiuchi, F. Izumi, T. Mitsuhashi, K. Uchida, T. Shimomura, and K. Ogasahara,
J. Solid State Chem., 74, 247 (1988).
24. Y. Xin, L. Xiaojuan, L. Shangjun, W. Gang, J. Chunping, T. Jing, C. Jinwei, and
W. Ruilin, Journal of Physics D: Applied Physics, 46, 035103 (2013).
25. X. Yang, X. Lian, S. Liu, C. Jiang, J. Tian, G. Wang, J. Chen, and R. Wang, Applied
Surface Science, 282, 538 (2013).
26. K. Brezesinski, R. Ostermann, P. Hartmann, J. Perlich, and T. Brezesinski, Chem.
Mater., 22, 3079 (2010).
27. H. Cheng, B. Huang, J. Lu, Z. Wang, B. Xu, X. Qin, X. Zhang, and Y. Dai, Phys.
Chem. Chem. Phys., 12, 15468 (2010).
28. B. Yang, M. Mo, H. Hu, C. Li, X. Yang, Q. Li, and Y. Qian, Eur. J. Inorg. Chem.,
2004, 1785 (2004).
29. D. E. Williams and G. A. Wright, Electrochimica Acta, 22, 505 (1977).
30. I. A. Ammar and M. W. Khalil, Electrochimica Acta, 16, 1379 (1971).
31. M. Bojinov, I. Kanazirski, and A. Girginov, Electrochimica Acta, 37, 2415
(1992).
32. I. Kanazirski, M. Bojinov, and A. Girginov, Electrochimica Acta, 38, 511 (1993).
33. M. Bojinov, I. Kanazirski, and A. Girginov, Electrochimica Acta, 40, 591 (1995).
34. K. Shimizu, K. Kobayashi, P. Skeldon, G. E. Thompson, and G. C. Wood, Corrosion
Science, 38, 431 (1996).
35. K. C. Chitrada and K. S. Raja, ECS Transactions, 61, 1 (2014).
36. X. Lv, J. Zhao, X. Wang, X. Xu, L. Bai, and B. Wang, Journal of Solid State
Electrochemistry, 17, 1215 (2013).
37. K. C. Chitrada and K. S. Raja, ECS Transactions, 61, 55 (2014).
38. K. Chitrada and K. S. Raja, in Materials and Processes for Solar Fuel Production,
B. Viswanathan, V. Subramanian, and J. S. Lee, Editors, p. 173, Springer New York
(2014).
39. C. Wang, C. Shao, L. Wang, L. Zhang, X. Li, and Y. Liu, J. Colloid Interface Sci.,
333, 242 (2009).
40. K. Latha, L. Jin-Han, and M. Yuan-Ron, Nanotechnology, 18, 295605 (2007).
41. D. E. Williams and G. A. Wright, Electrochimica Acta, 24, 1179 (1979).
42. K. S. Raja, T. Gandhi, and M. Misra, Electrochemistry Communications, 9, 1069
(2007).
43. M. Pourbaix, Atlas of electrochemical equilibria in aqueous solutions, Pergamon
Press, Oxford; New York (1966).
44. K. S. Raja, M. Misra, and K. Paramguru, Electrochimica Acta, 51, 154 (2005).
45. R. R. Rangaraju, K. S. Raja, A. Panday, and M. Misra, Electrochimica Acta, 55, 785
(2010).
46. E. Schaffer, T. Thurn-Albrecht, T. P. Russell, and U. Steiner, Nature, 403, 874 (2000).
47. D. Bandyopadhyay, A. Sharma, U. Thiele, and P. D. S. Reddy, Langmuir, 25, 9108
(2009).
48. T. P. Hoar and N. F. Mott, J. Phys. Chem. Solids, 9, 97 (1959).
49. J. P. O’Sullivan and G. C. Wood, Proceedings of the Royal Society of London. A.
Mathematical and Physical Sciences, 317, 511 (1970).
50. K. R. Hebert, S. P. Albu, I. Paramasivam, and P. Schmuki, Nat Mater, 11, 162
(2012).
51. O. Jessensky, F. Müller, and U. Gösele, Applied Physics Letters, 72, 1173
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a b s t r a c t
The photoelectrochemical performance of CdSSe quantum dots tethered to a framework of vertically ori-
ented titania (TiO2) nanotubes was studied. The TiO2/CdSSe framework demonstrated improved charge
transfer due to its unique band edge structure, thus validating the higher photocurrent generation. The
composite film led to an 11-fold enhancement in comparison to the control TiO2 film, implying that the
ternary quantum dots and the nanotubular structure of TiO2 work in tandem to promote charge sep-
aration and favorably impact photoelectrochemical performance. Further, the results also suggest that
structural and optoelectronic properties of TiO2 films are significantly affected by the thicknesses of the
CdSSe layer.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction
Semiconductor quantum dots (QDs) with tunable band gaps
offer a solution to the problems associated with the use of con-
ventional organic dyes in solar devices by harvesting a wider
portion of the solar spectrum [1,2]. Quantum dots show high
emission quantum yield, narrow and symmetric emission peaks,
and tunable, size-dependent band gaps [3]. In addition, the high
photostability and chemical stability of QDs compared to organic
dyes enables their use in the design of photovoltaic devices that
require long exposure times. It has been demonstrated that quan-
tum confinement greatly affects the width of the optical band
gap and associated spectral features in semiconductor nanocrys-
tals. Spatial confinement results in multi-exciton generation (MEG),
also referred as Inverse Auger effect, which largely affects the
power conversion efficiency of quantum dots-sensitized solar cells
(QDSSCs) [4,5]. However, the performance of QDSSCs is still lower
than that of their dye-sensitized solar cells (DSSCs) counterpart [3],
in spite of the fact that the theoretical maximum conversion effi-
ciency of QDSSCs (44%) is considerably higher than that of DSSCs
(31%) [6]. Therefore, attempts are being made to improve the effi-
ciency of QDSSCs.
The most widely studied photoanode materials are oxide semi-
conductors, particularly TiO2, since it is stable under visible
light illumination. Until recently, the sensitization of TiO2 with
∗ Corresponding author.
semiconductor QDs has been investigated mainly with titania
nanoparticulate films. Such films, however, suffer from structural
disorders due to grain boundaries, which impede the charge sepa-
ration efficiency and charge transport through the material. These
drawbacks render TiO2 particulate films less efficient as pho-
toanodes while, TiO2 nanotubes arrays (NTA), with their unique
properties, offer improved charge transfer characteristics. Titania
nanotube arrays have advantages over particulate films such as
cheap and facile fabrication technique, high surface area to volume
ratio, tunable dimensions (pore size and tube length), and the 1D
architecture furnishes less impeded pathways for electron transfer
and transport [7,8].
As sensitizers, cadmium chalcogenide (CdX, X = S, Se or Te) QDs
have attracted considerable attention in QDSSC research over the
last few years [9–20]. It has been noted that CdX absorb photons
efficiently because these have a bulk material band gap greater than
1.3 eV; band gaps for CdS, CdSe and CdTe are 2.25 eV, 1.73 eV, and
1.49 eV, respectively. By altering the size of the QDs, the band gap
can be tuned further to match a desired band gap range. While
considerable studies have been conducted on co-sensitization of
TiO2 with CdS and CdSe [20–30], only few studies can be found on
CdSSe/TiO2 NTA heterostructure [31–33]. Chong et al. [31] stud-
ied CdSSe quantum dots attached to TiO2 nanobelts synthesized by
hydrothermal route and found remarkable enhancement in pho-
tocurrent with good reproducibility for sensitized samples. Luo
et al. [32] synthesized photoelectrodes with nanorods of CdS, CdSe,
and CdSeS deposited onto TiO2 nanorod arrays and found that the
TiO2/CdSeS heterostructure was the most stable. Park et al. [33]
http://dx.doi.org/10.1016/j.apsusc.2015.07.169
0169-4332/© 2015 Elsevier B.V. All rights reserved.
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Fig. 1. Absorption spectra of pure nanocrytalline TiO2 NTA film, and the films sensitized with (a) TiO2 NTA/CdSSe (5); (b) TiO2 NTA/CdSSe (7); (c) TiO2 NTA/CdSSe (9); at
annealing temperatures of 300 ◦C and 400 ◦C, respectively. Absorption edge was found to undergo red-shift with increase in number of deposition cycles.
Fig. 2. Stacked XRD patterns of (a) TiO2 NTA/CdSSe (9) unannealed sample, and (b)
sample annealed at 400 ◦C. The patterns reveal that CdS0.54Se0.46 phase appears after
annealing.
demonstrated the fabrication of regular arrays of TiO2 nanotubes
anchored with ZnS/CdSSe/CdS quantum dots by the SILAR method,
which exhibited a power conversion efficiency of 4.67% in a QDSSC
configuration.
The current study presents a simple, yet efficient, route for the
synthesis of TiO2 NTA heterostructure in conjunction with quantum
sized CdSSe clusters. A balance between energetics and kinetics of
the system has been realized by means of alignment of the con-
duction band edges, where, the conduction band (CB) of CdSSe lies
above the CB of TiO2. The morphology and crystallinity of the CdSSe
layer was  characterized and correlated with photoelectrochemical
activity.
2. Experimental
Self-organized TiO2 nanotube arrays were synthesized by
anodic oxidation of an ultrasonically cleaned Ti foil. The anodization
was carried out in an organic electrolyte containing 0.5 wt% NH4F
at 40 V (DC) for 1 h. The details of the experiment can be found
elsewhere [34,35]. After anodization, the films were rinsed with
isopropyl alcohol to remove any particulates on top of the film. The
film was then annealed in air at 450 ◦C for 2 h.
CdSSe nanocrystals were deposited on TiO2 NTAs using the suc-
cessive ionic layer adsorption and reaction (SILAR) technique. The
solvent used for precursor solution was  50/50 vol% ethanol/H2O
and deposition time was 1 min. The deposition was carried out
under ambient temperature and pressure conditions. The samples
were prepared with 5, 7 and 9 cycles of deposition, where one
SILAR cycle comprised of immersion of annealed TiO2 NTA film
in 0.02 M Cd (CH3CO2)2 solution for 1 min, followed by rinsing in
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Fig. 3. Scanning electron microscopy images (top view) of (a) unsensitized TiO2 NTA, (b) TiO2 NTA/CdSSe (7) – 400 ◦C, (c) TiO2 NTA/CdSSe (9) – UA, and (d) TiO2 NTA/CdSSe
(9) – 400 ◦C. The images depict that the CdSSe nanocrystals are uniformly attached to surface of TiO2 NTAs.
ethanol/H2O solvent and subsequent immersion in 0.02 M Na2S
solution, and finally in a Na2Se solution (generated in situ by the
reduction of Se metal with 0.04 M NaBH4). The films were then
annealed at various temperatures under N2 atmosphere for 1 h to
analyze the variation in photoelectrochemical properties of TiO2
NTA with post-synthesis annealing temperature.
3. Structural and optical characterization
UV–visible absorption spectra of prepared photoelectrodes
were obtained with a Shimadzu UV-2401PC UV–vis diffuse
reflectance spectrophotometer. BaSO4 was used as the reflectance
standard in the wavelength range of 200–800 nm.  The surface
morphologies of TiO2 NTAs and CdSSe-deposited TiO2 NTA films
were examined by a Hitachi S-4800 scanning electron microscope
equipped with an energy dispersive spectrometer (Oxford EDS sys-
tem). Transmission electron micrographs were recorded using a
JEOL analytical field emission transmission electron microscope
(TEM) model JEM 2100F equipped with Oxford energy dispersive
spectrometer (EDS). The acceleration voltage was set to 200 kV
during analysis. The crystalline phases were investigated by X-
ray diffraction (XRD) carried out using a Rigaku Miniflex XRD
(CuK = 1.54059Å) from 2! = 20–80◦ with a step size of 0.01◦ and
dwell time of 0.5◦/min. The XRD data was analyzed using Rigaku
PDXL2 analysis software and indexed to standard pdf cards. Surface
speciation was studied using a PHI 5600 model X-ray photoelec-
tron spectrometer (XPS) with a monochromatic AlK (1486.6 eV)
excitation source. The spectrometer was calibrated to the Ag 3d5/2
line at 368.27 ± 0.05 eV. The XPS spectra were recorded at 14 kV
and 300 W,  with an analysis area of 800 !m2. The survey spec-
tra were acquired at pass energy of 29.35 eV and narrow scans
at 23.95 eV. Charging effects were corrected using the adventi-
tious C 1s line at 284.6 eV. After 5 point smoothing of data, the
peaks were fitted using SDP v4.6 Gaussian fitting software from
XPS  International. The photoelectrochemical (PEC) responses of
the samples were measured in a conventional three-electrode sys-
tem with CdSSe-deposited TiO2 NTAs with surface area of 2.5 cm2
as the working electrodes, coiled platinum wire as counter elec-
trode and a saturated calomel electrode (SCE) as reference electrode
in aqueous solution containing 0.35 M Na2SO3 and 0.25 M Na2S.
The measurements were conducted under ambient conditions in
a custom-made quartz window cell with a Gamry® Reference 600
potentiostat. A 300 W Xe lamp solar simulator supplied by Newport
served as incident light source. The visible light intensity through
standard AM 1.5G filter was tuned to 100 mW/cm2 measured
using a Newport Thermopile Sensor 919P-003-10. Mott–Schottky
(M–S) analysis were conducted using photoanodes sensitized with
9 cycles of deposition (unannealed film and films annealed at 300 ◦C
and 400 ◦C) under dark conditions in the aqueous electrolyte of
0.25 M Na2S and 0.35 M Na2SO3. Analysis was carried out by polar-
izing from −0.8 V to −1.2 V (vs. Ag/AgCl) at 1000 Hz and 10 mV AC
potential.
4. Results and discussion
4.1.  Optical absorption study
The UV–visible light absorbance properties of TiO2 NTA/CdSSe
(n) photoanodes are depicted in Fig. 1. The effect of the num-
ber of deposition layers (n = 5, 7 and 9 cycles) and post-synthesis
annealing temperature (300 and 400 ◦C) on the optical perfor-
mance of the modified electrodes was  studied and compared with
unsensitized TiO2 NTAs (Fig. 1). Plain TiO2 NTA film shows an
absorption edge at 380 nm,  corresponding to the bandgap of the
anatase phase of titania [36,37]. An additional feature (broad peak)
appearing around ∼480 nm,  is mainly due to trapped charge carri-
ers within nanotubes [38,39]. Transient absorption studies showed
that the trapped holes absorb at wavelengths of 430 nm or shorter
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Fig. 4. Cross-sectional view of (a) unsensitized TiO2 NTAs and (b) sensitized TiO2
NTA/CdSSe (9) film. The sensitized sample was subjected to thermal treatment under
nitrogen atmosphere at 400 ◦C for 1 h. CdSSe deposits are clearly visible on the walls
of nanotubes.
while trapped electrons show a prominent absorption peak around
650 nm.  Superposition of spectra from trapped electrons and holes
may  be responsible for absorption at wavelengths around 480 nm
[39]. After coupling with CdSSe QDs, the high absorption of CdSSe
nanoclusters in the visible region overlaps the response due to TiO2
and instead a broad response with absorption onset around 650 nm
(for 5 cycles of deposition) was observed. With increasing deposi-
tion cycles (to 7 and 9 cycles), the absorption onset was observed
to red-shift due to the size quantization effect. Annealing under N2
atmosphere also tends to affect the optical performance of films.
With annealing at 300 ◦C, the absorption intensity increased and
absorption edge experienced red-shift. Moreover, with annealing at
higher temperatures (400 ◦C), the absorption onset further shifted
to longer wavelengths in all cases, but the absorption intensity
decreased for films with 9 deposition cycles, possibly due to the
aggregation of nanocrystals. This improved visible light absorp-
tion of the composite films might be attributed to the band gap
range of CdSSe QDs (1.6–2.2 eV), and demonstrates the possibility of
improved photoactivity of the TiO2 NTA/CdSSe hybrid photoanode.
4.2. Phase analysis
The  XRD profiles (Fig. 2) display the morphology of
TiO2NTA/CdSSe (9) film before and after thermal annealing
(at 400 ◦C) under N2 atmosphere. The XRD diffraction profile of
as-deposited TiO2 NTA/CdSSe (9) electrode reveals the diffraction
patterns similar to the anodized film and peaks can be indexed for
underlying Ti metal (JCPDS file no.: 01-089-5009) and TiO2 anatase
phase (JCPDS file no.: 01-073-1764) layer grown on the top. These
peaks are labeled as ‘1’ and ‘2’ for Ti substrate and anatase TiO2,
respectively. However, after thermal annealing under N2, the film
shows the presence of additional diffraction peaks, which can be
attributed to CdS0.54Se0.46 phase (JCPDS file no.: 01-089-3682),
labeled as ‘3’, shifted to a lower angle (lower 2! value). According
to Bragg’s law, such downshift of peak position indicates an
increase in lattice parameter [40,41]. These results demonstrate
the formation of CdSxSe1−x alloy with a particular stoichiometry of
x = 0.54. Another interesting observation is that the alloy formed
only after annealing, since there are no peaks corresponding to
CdSSe phase in unannealed films. This indicates that the species
are only physically adsorbed during SILAR deposition and they
tend to form a crystalline phase during thermal annealing.
4.3.  Microscopic analysis
Figs.  3 and 4 depict the surface and cross-sectional images to
highlight the morphological change of the TiO2 nanotube array
films before and after CdSSe deposition. Fig. 3a shows the forma-
tion of regularly arranged nanotubes grown perpendicular to the Ti
foil substrate. From the SEM images, the wall thickness and mean
inner pore diameter were estimated to be approximately 20 nm
and 70 nm,  respectively. The open structure of the nanotubes pro-
vides superior access for sensitizer material as well as promotes
unidirectional charge transport due to the one-dimensional fea-
ture of the nanotubes. After QD deposition, the walls of NTs became
Fig. 5. (a and b) Transmission electron micrographs of sensitized TiO2 NTA/CdSSe film at two different magnifications.
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Fig. 6. X-ray photoelectron spectra for TiO2 NTA/CdSSe composite film showing (a) Cd 3d peak, (b) Se 3d peak and (c) S2p and Se3p peak. The compositional analysis confirms
the  adherence of CdSSe nanocrystals on the surface of sensitized film.
Table I
Peak-fitting parameters for core-level scans of Cd 3d, Se 3d, Se 3p and S 2p peaks.
Label Species BE (eV) FWHM
S2p and Se3p A Se 3p3/2 159.4 1.56
B Se 3p1/2 165.3 2.08
C S 2p3/2 160.7 1.53
D S2p1/2 162.1 1.09
Se3d A Se (-II) main contribution 53.35 0.95
B Se (-II) second contribution 54.23 0.97
Cd3d A 3d5/2 404.9 1.03
B 3d3/2 411.63 1.02
rougher due to being decorated with QDs (Figs. 3b–d and 4b). The
top view images of CdSSe-sensitized NTs with varying number of
deposition cycles are shown in Fig. 3b–d. The images clearly indi-
cate the increased QD loading on the NTs with increasing deposition
cycles. With annealing, the QDs aggregate to form nanocrystals and
small clusters. It can be seen from Fig. 4b that the QDs cover both
the outer and inner surfaces of NT arrays, owing to the decreased
resistance to mass transfer offered by the inner surface. TEM images
of sensitized TiO2 NTA/CdSSe film at two different magnifications
are shown in Fig. 5. The images clearly depict the formation of ran-
domly distributed spherical quantum dots, with average diameter
size of 5 nm on the surface of the sensitized film.
4.4.  XPS analysis
The  core-level scans of Cd 3d, Se 3d, Se 3p and S 2p regions
are provided in Fig. 6. The peak fitting parameters are provided
in Table I. The sharp doublet at binding energies of 404.9 and
411.6  eV (Fig. 6a) can be attributed to Cd 3d5/2 and Cd 3d3/2 peaks,
respectively [42]. A spin–orbit doublet (Fig. 6b) with components
at 53.5 eV and 54.2 eV indicates the presence of Se2− species. The
observed peaks may  be ascribed to Se 3d5/2 (main and second
contribution) and are highly sensitive to the chemical prepara-
tion techniques [43]. The broad XPS peak around 160 eV (Fig. 6c)
comprises S 2p and Se 3p peaks. Peak fitting of the peak showed
the presence of four signals at 160.3, 166.4, 161.5 and 162.7 eV.
The first two  components correspond to Se 3p (Se 3p3/2 and Se
3p1/2, respectively) and other two components correspond to S 2p
(S 2p3/2 and S 2p1/2, respectively). These peaks are in accordance
with earlier studies reported for CdSSe and thus, evidently support
the formation of CdSSe alloy [44].
4.5. Photoelectrochemical measurements
Photoexcitation of the TiO2 NTA-CdSSe photoanode with sub-
sequent charge transport mechanism can be summarized by the
following reactions [45]:
CdSSe + h! → CdSSe(e + h) (1)
CdSSe(e + h) → CdSSe + h! + !(heat) (2)
CdSSe(e) + TiO2 → CdSSe + TiO2(e) (3)
CdSSe(h) + Red → CdSSe + Ox (4)
where  Eqs. (1) and (2) are the photoexcitation and recombination
events, Eq. (3) is the electron transfer from CdSSe to TiO2, and Eq.
(4) is the hole transfer from CdSSe to the redox couple (Red) result-
ing in oxidized products (Ox). The electrons transferred to titania
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Fig. 7. i–V characteristics of sensitized films as working electrodes measured under 100 mW/cm2 intensity (AM 1.5 global filter) (a) TiO2 NTA/CdSSe (5), (b) TiO2 NTA/CdSSe
(7) and (c) TiO2 NTA/CdSSe (9).
via Eq. (3) are collected and result in the generation of anodic cur-
rent. Scavenging of accumulated holes in the valence band of CdSSe
is important to maintain stability of the absorber layer (Eq. (4)). If
there is extensive accumulation of holes, CdSSe will begin to oxidize
and result in diminishing photoelectrochemical performance over
time. Sacrificial electrolytes such as sulfides are used to help stabi-
lize chalcogenide sensitizers as they have suitable redox potentials.
In this study, the electrolyte used consists of Na2S and Na2SO3.
The Na2S acts as a hole scavenger and is oxidized to prevent the
corrosion (Eq. (4)). Hole scavenging can also occur by Eqs. (5), (6)
and (8). To ensure hydrogen production at the cathode, Na2SO3
is added to help reduce disulfides back to sulfides, which has been
demonstrated to be beneficial to improve photocurrent density and
hydrogen production in previous studies [46,47]. Also, the SO32−
ions mainly yield thiosulfate ions [48]:
2S2− + 2h → S22− (5)
SO32− + H2O + 2h → SO42− + 2H+ (6)
2S22− + SO32− → S2O32− + S2− (7)
SO32− + S2− + 2h → S2O32− (8)
S2O32− + H+ → HSO3− + S (9)
S + 2e → S2− (10)
In order to investigate the potential application of the CdSSe-
sensitized TiO2 NTA photoelectrodes, the photoelectrochemical
performance of TiO2NTA/CdSSe photoelectrodes under AM 1.5G
visible light irradiation was obtained and results are illustrated
Table II
Summarized photocurrent values from i–V analysis of TiO2 NTA/CdSSe films syn-
thesized with varied number of deposition cycles and annealing temperature.
Electrode Annealing temperature Photocurrent density (mA/cm2)
No. of deposition cycles
5 Cycles 7 Cycles 9 Cycles
TiO2 NTA/CdSSe UA 2.41 6.42 6.22
300 ◦C 4.62 10.16 12.41
400 ◦C 5.43 14.57 15.58
in Fig. 7. For comparison, photoresponse of unmodified TiO2 NTA
photoelectrode has also been shown along with the composite
photoelectrodes. As observed, unmodified TiO2 NTA showed a pho-
tocurrent density of ∼1.4 mA/cm2 at 0.4 V vs. SCE. Sensitization
with CdSSe was  found to lead to a considerable increase in photoac-
tivity in all cases (Table II). For the film with 5 cycles of deposition,
a photocurrent density of 2.41 mA/cm2 at 0.4 V vs. SCE (∼72%
increase compared to unmodified TiO2 NTA film) was  observed.
Post deposition annealing also led to a profound change in the pho-
tocurrent density. Films with 5 cycles of deposition annealed at
300 ◦C, resulted in 4.62 mA/cm2 (at 0.4 V vs. SCE) of photocurrent
density. Annealing the films at 400 ◦C was  found to result in an even
higher photocurrent density of 5.43 mA/cm2 (at 0.4 V vs. SCE). This
increase can be correlated with the increase in crystalline nature, as
inferred from XRD that results in improved current transport and
light harvesting ability [49].
The composite films with more deposition cycles (7 and 9 cycles)
was found to improve photocurrent density due to increased QD
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Fig. 8. i–t characteristics of sensitized films as working electrodes (a) TiO2 NTA/CdSSe (5), (b) TiO2 NTA/CdSSe (7) and (c) TiO2 NTA/CdSSe (9) measured under 100 mW/cm2
intensity (AM 1.5 global filter). The figure shows that the current density increases instantaneously upon illumination confirming stability of photoanodes.
Fig. 9. Mott–Schottky plot of the photoanodes under dark conditions in 0.25 M Na2S + 0.35 M Na2SO3. Analysis was carried out by polarizing from −0.8 V to −1.2 V (vs.
Ag/AgCl) at 1000 Hz and 10 mV AC potential.
loading, as observed in the SEM images. The enhancement of pho-
tocurrent density with more QD loading can be associated with the
increase in absorption as observed in Fig. 1. Similar results have
been reported earlier [34,35,50]. The maximum current obtained
in this study was recorded for film sensitized with 9 cycles of
deposition and annealed at 400 ◦C; this film produced a pho-
tocurrent density of 15.58 mA/cm2 (at 0.4 V vs. SCE), which was
∼11-fold increase compared to unmodified TiO2 NTA film. Fur-
ther increase in the number of SILAR cycles (greater than nine)
resulted in a decrease in the photocurrent, which can be attributed
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to the aggregated nanocrystals that act as recombination centers for
photoinduced charge carriers [37,51,52]. These results clearly indi-
cate that CdSSe QDs contribute significantly to the improvement
in charge transfer and photoactivity of TiO2 based electrodes. The
photocurrent density achieved in the current study is higher than
the values obtained for CdS/CdSe-sensitized TiO2 based systems
studied previously [31,32,49,50,53–57].
The transient photocurrent responses of TiO2, and CdSSe/TiO2
NTA photoelectrodes were recorded under chopped light illumi-
nation and are shown in Fig. 8. The initial photocurrent spike
upon illumination signifies the separation of plasmon-induced
electron–hole pairs at the semiconductor–electrolyte interface.
Followed by the spike, the photocurrent decreases until it attains a
stable value. This decay in photocurrent density can be attributed
to recombination processes [58]. The small dark current for
CdSSe/TiO2 photoelectrodes observed from the i–t curves of the
films indicates that CdSSe/TiO2 films possess a superior interfacial
structure that inhibits the recombination of the injected electrons
from TiO2 to the electrolyte at the interface, and therefore, higher
conversion efficiency can be achieved. The results demonstrate that
in addition to improved light absorption, the CdSSe–TiO2 hetero-
junction facilitates charge separation at the interface.
Mott–Schottky (M–S) analysis [59] is a useful technique to
examine electrode/electrolyte interfacial electronic properties.
Fig. 9 shows the M–S  data obtained for the photoanodes sensitized
with 9 cycles of deposition (unannealed film and films annealed at
300 ◦C and 400 ◦C) under dark conditions in the aqueous electrolyte
of 0.25 M Na2S and 0.35 M Na2SO3.
Based  on the well-documented theory of semiconduc-
tor/electrolyte interfacial capacitance, the electronic properties in
terms of charge carrier density (NA) and flat-band potential (EFB)










−"# = E − EFB (12)
where C is the capacitance, e is the elementary electronic
charge (1.6 × 10−19 C), ε0 is the permittivity in vacuum
(8.85  × 10−14 F/cm), ε is the dielectric constant, kB is the Boltzmann
constant, T is the temperature (298 K), and E is the applied bias.
The linear portion of the 1/C2 vs. E plots is fit within the potential
domain in which the samples behave as capacitors. From this slope





and the intercept of the line yields EFB.
The  bulk dielectric constant of CdSe is 8–9 [61]. It has been
recognized that the dielectric constant for nanomaterials is less
than the bulk dielectric constant due to lower screening of con-
fined electrons [62,63]. Li and Li [64] developed a model to describe
the effect of size, shape, and alloy composition of semiconduc-
tor nanocrystals. Dielectric constant values in the range of 4–7
were reported, depending upon size, shape, and alloy composi-
tion for CdSxSe1−x and were within 5% agreement of experimental
values. However, it should be noted that these values are for sin-
gle particles and not agglomerates of particles, which is often the
case. Agglomerates of nanoparticles can contain a large amount of
defects, including vacancies and dangling bonds [65]. These defects
have an effect on the space–charge distribution at the interface of
the particles by giving either a positive or negative charge. When
polarized these charges migrate within the field, causing a large
number of dipole moments to become trapped in the defects and
results in a much larger dielectric constant [65]. A value of 70 was
used for titania [66], while a value of ∼10,000 was used for CdSSe
[65,67] and a weighted average of the two dielectric values was
Fig. 10. Band edge diagram constructed using Mott–Schottky and absorption data.
used based on the EDS analysis. This led a value of ∼1000, which was
subsequently used for M–S  analysis. The charge carrier densities
for samples that underwent 9 cycle of deposition were calculated
from Eqs. (11)–(13) to be 1.88 × 1021 cm−3 (UA), 1.05 × 1021 cm−3
(300 ◦C), and 1.36 × 1021 cm−3 (400 ◦C). The respective flat band
potentials were −1.054 V, −1.002 V, and −1.055 V vs. Ag/AgCl. The
relative band edge positions obtained from the M–S  analysis and
absorbance studies are shown in Fig. 10.
In a recent work by Chen and Wang [68], the thermodynamic
redox potentials of semiconductors in aqueous solution were sur-
veyed. Although the values obtained experimentally differ from
theoretical values, it should be noted that M–S  analysis typi-
cally works best for highly crystalline electrodes and discrepancies
between reported EFB values typically arise due to imperfections
and defects in the electrode. There was also an observed frequency
dependence on obtaining EFB values, implying the presence of sur-
face states.
From the M–S  analysis, it was  also observed that the charge car-
rier density decreased with annealing. Significantly larger carrier
concentrations have been reported to result in thinner depletion
layer leading to lower quantum efficiencies [69]. For semicon-
ductor/liquid interfaces, photogenerated electron–hole pairs are
separated by an internal electric field (i.e. band bending). Trans-
port of holes in regions that are not depleted of majority carriers
can result in significant recombination and reduced photocurrent
responses. The depletion layer thickness (dSC) can be estimated by
the following relationship and has been plotted vs. E − EFB in Fig. 11






We observe that the annealed samples have increased deple-
tion width compared to the unannealed samples. To compare the
depletion width, we  consider half the size of the CdSSe nanocrys-
tals (∼10 nm diameter) plus half the width of the nanotube wall
(∼5 nm). Hence, a full depletion (∼10 nm)  is observed for samples
annealed at 300 ◦C and 400 ◦C at approximately E − EFB ∼0.94 V and
1.2 V, respectively, whereas for the unannealed sample, a E − EFB
∼1.7 V is required. It is interesting to note that although the 400 ◦C
sample demonstrates the highest photoelectrochemical activity,
the depletion width compared to the 300 ◦C annealed sample is
not as wide and requires a larger applied potential for full deple-
tion to occur. Moreover, the 400 ◦C sample has a more negative
EFB and higher charger carrier density. The more negative EFB, or
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Fig. 11. Depletion width as a function of applied potential using Eq. (14).
higher energy conduction band position, for the 400 ◦C annealed
film is one of the possible reasons for the improved photoele-
ctrochemical activity over other photoelectrodes in this study.
Such negative potential shift of the conduction band provides the
increased driving force for charge transfer from sensitizer to TiO2
[25,70,71]. Similar results have been reported earlier [25,34,70,71].
As discussed earlier, another contributing factor for improved PEC
activity is the higher crystallinity of CdSSe observed after annealing
at 400 ◦C (as observed from XRD results). Higher crystallinity leads
to a reduction in recombination centers and therefore improves
light-harvesting ability and efficient charge transport [49].
5. Conclusions
The CdSSe-sensitized TiO2 photoelectodes were synthesized
using a convenient SILAR process. The influence of the thickness
of the CdSSe and the annealing temperature on photoelectroche-
mical response was studied. Photovoltaic characteristic of TNTAs
exhibit substantial improvement upon sensitization and again with
the increase in CdSSe layer thickness. For films with 9 cycle of
thickness sensitization and annealed at 400 ◦C, sensitization was
found to result in a 11-fold enhancement in photocurrent. The
markedly enhanced photoresponse of sensitized electrodes is a
direct outcome of synergetic effects of highly ordered nanotubu-
lar TiO2 matrix and uniformly dispersed CdSSe QDs. The crystalline
nature of TiO2 together with its nanotubular geometry provided a
large surface area for fast and efficient transfer of photogenerated
electrons.
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This study compares the characteristics of photoelectrodes obtained by 
sensitization of two different oxide semiconductors (TiO2 and WO3) 
with same ternary quantum dots for the first time.  TiO2 nanotube arrays 
were obtained using electrochemical anodization technique while the 
porous WO3 thin film was spray deposited onto SnO2:F substrate. The 
ZnCdSe quantum dots were tethered to the oxide substrates employing 
successive ionic layer adsorption and reaction technique. The influence 
of the number of deposition cycles on photoelectrochemical properties 
of sensitized oxide films was investigated. The results obtained show 
that ZnCdSe sensitized TiO2 nanotube array based photoelectrodes 
exhibit superior performance compared to ZnCdSe sensitized WO3 films 
under similar conditions.  
Introduction 
The realization of scarcity of fossil fuel resources and the deleterious effects of their usage on 
climate has augmented the need for use of renewable energy resources (1). Renewable energy 
resources, also termed as alternative sources of energy, include the inexhaustible sources of 
energy, such as, solar, wind, biomass, and geothermal. These are the potential clean resources 
of energy that can provide energy with almost zero emissions. However, their high 
maintenance cost and their intermittent availability, limits the use and is the reason for the fact 
that energy harvested by renewable resources serves only 2% of current energy demand (2). 
Thus, continuous and efficient utilization of renewable energy resources is still one of the 
major issues that need to be addressed. Among other renewable energy sources, solar energy is 
the most abundant one. If only 0.1% of the total solar energy intercepted by earth can be 
converted at an efficiency of 10% , it would generate a power of about four times the world's 
total energy needs (3). Therefore, there is a vast scope of utilization of this enormous energy 
into various forms. The main approaches explored for the efficient conversion of solar energy 
include: solar fuels and solar thermo-electricity, photovoltaic (PV) cells and 
photoelectrochemical (PEC) water splitting.  
PEC water splitting process includes the production of hydrogen (H2) from the splitting 
of water molecule using sunlight (4, 5). PEC water splitting technique is very advantageous 
considering the fact that the electricity can be stored in form of a fuel (hydrogen), so that it can 
be used even when direct sunlight is not available (6). Moreover, producing energy from the 
hydrogen is a benign process which results in production of water as final product (7). Despite 
such advantages, the technique has not proven to be an efficient way of harvesting solar energy 
because of the certain requirements in the choice of photoanode material for the design of such 
devices. Efficient PEC water splitting device requires the use of photoanode with a desirable 
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bandgap range (1.8 – 2.2 eV) (8) and appropriate band edge alignment with the redox 
potentials of water (9). Apart from these basic requirements, it should be stable in aqueous 
solution and possess characteristics as high charge carrier mobility, low charge recombination 
rate and high optical absorption. Unfortunately, no such "magic material" exists in nature that 
possesses all above characteristics. The materials that are efficient are usually photochemically 
unstable in water.  On the other hand, the materials that are photochemically stable in aqueous 
solutions, such as metal oxides, generally have wide band gaps due to which they absorb only a 
limited portion of solar spectrum. The low optical absorption limits their current conversion 
efficiency. Such reasons have led the search for new semiconducting materials for a viable 
photoelectrochemical PEC water splitting extremely challenging. The general approach is the 
band gap engineering of existing photochemically stable semiconductor materials to make 
them more efficient.  
 Photoelectrochemical (PEC) water splitting properties of various semiconductors have 
been studied ever since the mechanism was reported on an n-type TiO2 photoanode by 
Fujishima and Honda (10). Among them, visible-light-active semiconductor oxide materials 
such as ZnO, Fe2O3, SnO2, SrTiO3, and WO3 have been the most studied. It is well known that 
TiO2 is a promising candidate for photocatalysis because it is photocatalytically  active and 
sunlight activated, easy  to  produce  and  to  use,  chemically and  biologically  inert, non-
toxic and cheap (11). Specifically in its nanostructured form, it exhibits interesting optical and 
electronic properties. One-dimensional (1-D) nanostructures, like nanorods, nanotubes, 
nanowires, etc., due to their high surface area-to-volume ratios and size dependent properties, 
are expected to augment photogenerated charge carrier transport and reduce electron–hole 
recombination rate. Many synthetic methods for the synthesis of TiO2 nanotube arrays are 
employed, including deposition onto a template (12, 13), sol–gel polymerization (14, 15), 
seeded growth (16), hydrothermal process (17, 18) and anodic oxidation (19). Among these, 
electrochemical method (introduced by Zwilling et al. in 1999 (20)) has been the preferred 
method for TiO2 nanotube array production in recent years, since, with this method the 
morphology of tubes (pore size, wall thickness and length) can be easily tailored by varying the 
applied potential, electrolyte composition, anodization time and annealing temperature.  
 
 To be an ideal photocatalyst, few major problems associated with TiO2 need to be 
addressed. One of the major shortcoming is its wide band gap (3.2 eV for anatase phase), 
which limits its absorption of the visible light and thereby reducing the photocatalytic 
efficiency of TiO2 (21, 22). Moreover, it has few inherent disadvantages such as small 
absorption coefficient and low carrier mobility limit. This results in poor charge transfer and 
higher charge recombination which limit the practical application of the material (23). These 
problems are typical to first-row transition metals because unpaired spins are highly localized 
due to the compact radius of the 3d orbitals and strong overlap with bridging oxo ligands. 
These properties give rise to poor charge transfer and high charge recombination rate. The 
major pitfalls arising from the central atom being first-row transition metal can be solved by 
considering larger 5d metal as W.  
 
 WO3 is d0, and is therefore, diamagnetic in nature. In consequence, the hole mobility 
and diffusion lengths are larger (24). WO3 is a wide-bandgap (2.6–3.0 eV) n-type 
semiconductor, where the valence band comprises of 2p orbitals of O and the conduction band 
comprises of empty W 5d orbitals (25). For WO3, the band gap varies with the crystal phase 
transition and the degree of distortion from the ideal cubic phase, which is rare to obtain at 
room temperature. In principle, with phase transition, the occupied levels of the W5d states 
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change, resulting into concomitant band gap variation (26). For example, amorphous WO3, 
possesses a relatively large Eg      3.25 eV, whereas, bulk monoclinic WO3 has been reported 
to exhibit a typical Eg      2.62 eV at room temperature. Phase changes in WO3 have also been 
found to be associated with doping (27). This suggests that phase change, and hence, band gap 
and other electronic properties of WO3 can be easily manipulated by the utilization of dopants 
and sensitizers. 
 
 Over the last decade, several studies have been reported on sensitization of wide band 
gap semiconductor such as, TiO2 using various binary sensitizers as: ZnS (28), CdS(29), CdSe 
(30), CdTe (31), Ag2S (31), MnTe (32), Sb2S3, Bi2S3 and In2S3 (33). Moreover, there are very 
few reports on the use of ternary or quaternary QDs as sensitizers. Ternary or quarternary 
semiconductor alloy nanocrystals provide an additional degree of freedom in selection of 
desirable properties for sensitizer since their physical and optical properties can be optimized 
by simply varying the size and composition of material, thus have a huge potential as 
sensitizer materials (34). However, reports on sensitization of WO3 are rare in literature.  
 
 In the present study, two different oxide semiconductors, TiO2 and WO3 in 
nanostructured forms, were sensitized with ternary ZnCdSe quantum dots and the 
photoelectrochemical properties were compared. To the best of our knowledge, no such 
comparative study has been reported so far. The sensitization was performed using the 
convenient SILAR (Successive Ionic Layer Adsorption and Reaction) technique, which offers 
high uniform quantum dot loading with low aggregation (35, 36). It is a simple and inexpensive 
process that offers a control on the thickness of the layer as a function of the number of 





Synthesis of TiO2 NTs 
 
 Vertically aligned TiO2 NT arrays were grown on Ti foil using simple anodization 
technique reported previously (38, 39). Titanium (Ti) foils (99% purity, 0.005 inches thick) 
supplied by STREM chemicals were degreased by ultrasonic cleaning in 1:1 mixture of 
acetone and isopropyl alcohol (IPA) for 10 min prior to anodization. The anodization was 
carried out at a constant potential of 30V for 2 hr in a two-electrode cell with coiled platinum 
wire as cathode. Ethylene glycol with 0.5 wt% NH4F and 3 wt% water was used as the 
electrolyte solution. The anodized films were washed with IPA and annealed at 450oC under 
air for 2 hr to obtain the desired crystallization. 
 
Deposition of WO3 thin film 
 
 WO3 thin films were synthesized by spray deposition onto SnO2:F coated glass. 
Ammonium metatungstate solution (10 mM) was used as precursor solution used for 
deposition on rectangular glass slides. Nitrogen was used as carrier gas and the glass 
temperature was maintained at 250 °C throughout the process. The deposition was carried out 
at 5 psi for 5s deposition time and 55s drying time. After spray deposition, the films were 
annealed at 550°C for 2 hours under oxygen atmosphere.  The films were sprayed for various 
number of WO3 cycles, however, the films with 100 spray cycles was found to be optimum. 
Therefore, the WO3(100) films were used further for sensitization. 
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Deposition of ZnCdSe Quantum Dots 
 ZnCdSe nanocrystals were deposited onto TiO2 nanotubes and WO3 thin film substrates 
using the SILAR technique. The solvent used for precursor solution was 50/50 vol.% 
ethanol/water mixture and deposition time was 1 minute. The deposition was carried out under 
ambient temperature and pressure conditions. One SILAR cycle comprised of immersion of 
oxide substrate in 0.02M Zn(NO3)2 solution for one minute, followed by rinsing in 
ethanol/H2O solvent and subsequent immersion in 0.02 M Cd(CH3CO2)2  solution, and finally 
in a Na2Se solution (generated in situ by the reduction of Se metal with 0.04 M NaBH4).  
 
 In case of TiO2 nanotubes, the SILAR deposition was carried out for 3, 5 and 7 cycles 
of deposition since after that, the quantum dots started to block the nanotubes, resulting into 
decreased photocurrent density. For WO3 thin films, the sensitization was carried out for 3, 6, 9, 
12 and 15 cycles of SILAR deposition. After deposition, the films were annealed at 400 °C 
under N2 atmosphere for 1 hour. The prepared films were then used as working electrodes for 




 UV-visible absorption spectra of prepared photoelectrodes were obtained with a 
Shimadzu UV-2401PC UV-Vis diffuse reflectance spectrophotometer and BaSO4 was used as 
the reflectance standard. X-ray diffraction patterns of the electrodes were recorded using either 
a Rigaku Smartlab 3kW X-ray di  ract meter using Cu Kα wavelength (λ = 1.541 Ȧ; 40 kV, 44 
mA) or a PANalytical X’Pert Pr  X-ray di  ract meter using Cu Kα wavelength (λ = 1.54 Ȧ; 
45 kV, 40 mA). The measurements were recorded in the 2θ range from 20o to 70o. The 
photoelectrochemical (PEC) responses of the samples were measured in a conventional three-
electrode system with an aqueous solution containing 0.35 M Na2SO3 and 0.25 M Na2S as 
electrolyte. Coiled platinum wire served as counter electrode. The measurements were 
conducted under ambient conditions in a custom-made quartz window cell with a Gamry® 
Reference 600 potentiostat. A 300 W Xe lamp solar simulator supplied by Newport served as 
incident light source. The visible light intensity through standard AM 1.5G filter was tuned to 
100 mW/cm2 measured using a Newport Thermopile Sensor 919P-003-10. 
 
 




UV-vis absorption spectra obtained from TiO2 nanotube films before and after the 
deposition of ZnCdSe QDs are shown in Figure 1. The spectra depicts the absorption of 
electrodes obtained with 3, 5, 7 and 10 SILAR cycles of sensitization (the number in 
parenthesis represents number of deposition cycles) compared to unsensitized TiO2 NT arrays. 
The spectrum of untreated TiO2 shows that the nanotubes absorb mainly the ultraviolet light 
with a wavelength shorter than 400 nm. After sensitization (with 3 cycles) and annealing at 
400oC under N2 atmosphere, the absorption spectrum of the composite film was observed to 
shifted significantly toward the visible region with a band edge of 730 nm. With an increase in 
the number of deposition cycles (5 and 7), two key observations can be noted. First, the optical 
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absorption intensity was found to increase and second, the absorption edge was found to 
further extend into visible region. This red shift is consistent with the higher QD loading and 
can be attributed to the size quantization effect (39). With even higher number of deposition 
cycles (10 cycles), the absorption edge was observed to be red shifted, however, the absorption 
intensity was greatly reduced. This effect can be attributed to the aggregation of nanocrystals 
which impedes the photocurrent density (40), so the further study was limited to 7 cycles of 
deposition. These results validate that the incorporated QDs improve the visible light 






Figure 1.  Optical absorption spectra of pure nanocrystalline TiO2 film, and the films sensitized 
with (a) TiO2/ZnCdSe(3), (b) TiO2/ZnCdSe(5), (c) TiO2/ZnCdSe(7) and (d) TiO2/ZnCdSe(10) 
annealed at 400oC under N2 atmosphere.  
 
 Light absorption properties of the WO3 and sensitized WO3 electrodes are depicted in 
Figure 2. The effect of the number of SILAR layers on the performance of the QD-modified 
electrodes was investigated. The spectra for pure WO3 film observed to have a band edge 
around 500 nm, corresponding to its band gap of 2.6 eV.  With ZnCdSe QDs sensitization, the 
absorbance extends more into the visible region with absorption edge experiencing a red shift. 
With 6 cycle deposition, the absorption intensity observed to be decreased. The reason might 
be that with SILAR deposition, the underlying WO3 layer starts layering off initially, leaving 
FTO substrate more exposed and resulting into thinner sensitizer layer. However, with further 
increase in deposition cycles, the absorbance of the spectra increases, indicating an increased 
adsorption amount of ZnCdSe QDs on the surface. With 12 cycles of deposition, the sensitized 
film exhibits strong light absorption covering almost the entire visible region. This enhanced 
absorption is a direct consequence of aggregation of smaller nanocrystals into larger 
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crystallites accompanied with the increased adsorption amount of QDs. However, the excessive 
growth and aggregation of crystallites (in case of 15 cycles of deposition) increase the rate of 
charge recombination, thus reducing the photoactivity of electrode. Such aggregation effects 
have been reported earlier in literature (19, 40, 41). The results indicate the high absorption 





Figure 2.  Optical absorption spectra of pure nanocrystalline WO3 film, and the films sensitized 
with (a) WO3/ZnCdSe(6), (b) WO3/ZnCdSe(9), (c) WO3/ZnCdSe(12) and (d) 




 Small angle X-ray diffraction (SAXRD) pattern of TiO2 NTs before and after 
modification with ZnCdSe are shown in Figure 3. The diffraction pattern of unmodified TiO2 
NTAs showed both the underlying layer of Ti (JCPDS Card No. 44-1294) and outer layer of 
TiO2 anatase phase (JCPDS Card No. 21-1272) along with the diffraction peaks of Ti foil. The 
peaks from Ti and anatase TiO2 phase are marked as 'T' and 'A', respectively. The XRD 
spectrum of a TiO2/ZnCdSe electrode annealed at 400oC electrode indicates the presence of 
additional features at 2θ values of 25.4o, 42.4o  and 49.7o, which can be identified as (111), 
(220) and (311) planes of Cadmium Selenide (JCPDS card no. 19-0191), with the strongest 
peak for CdSe (111) plane (at 25.4o) coinciding with (101) peak of anatase TiO2. The absence 
of Zn in the XRD patterns might be due to low concentration of Zn, as reported earlier (19, 42).  
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Figure 3. Stacked X-ray diffraction patterns of (a) unsensitized TiO2 NT arrays and (b) TiO2 
NT/ZnCdSe sample annealed at 400oC. The patterns reveal that the presence of CdSe phase on 
the surface of sensitized film. The absence of Zn is due to low concentration of Zn. 
Figure 4 shows XRD patterns of the WO3 thin films obtained on FTO electrodes using 
spray deposition before and after sensitization. The XRD spectrum of spray deposited WO3 
thin film (curve a) confirms the   rmati n    m n clinic γ-WO3 phase (JCPDS card No. 43-
1035)  (43). The XRD spectrum of a WO3/ZnCdSe electrode sensitized (curve b) showed 
additional peaks corresponding to CdSe phase (JCPDS card no. 19-0191). The XRD peaks 
corresponding to the CdSe phase are broad, suggesting that the small crystallite size of the 
deposited. The results obtained are similar to that of TiO2 NTs where the same CdSe phase 
appears without any peaks corresponding to presence of Zn. This shows that the deposition 
procedure carried out in this study results in similar CdSe phase upon annealing irrespective of 
the underlying substrate. 
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Figure 4. Stacked X-ray diffraction patterns of (a) unsensitized WO3 thin film and (b) 
WO3/ZnCdSe sample annealed at 400oC. The patterns reveal the presence of CdSe phase on 




 Figure 5 shows the current-voltage (i-V) characteristics of TiO2 NT arrays loaded with 
different sequences of ZnCdSe. Unsensitized TiO2 show relatively low photocurrent, ~0.4 
mA/cm2 (at 0 V Vs SCE), due to limited absorption of visible light. With ZnCdSe sensitization, 
photocurrent density was found to increase. The average photocurrent densities were measured 
to be 7.83, 12.38 and 9.07 mA/cm2 (at 0 V Vs SCE) for TiO2 films sensitized with ZnCdSe for 
3, 5 and 7 cycles. The optimum current density was obtained for film sensitized with 5 cycles 
annealed at 400°C, which is   30-fold higher than that of unsensitized TiO2 film. With 7 cycles 
of deposition, nanocrystals start to agglomerate resulting in lower photocurrent density as 
discussed earlier. The open-circuit potential (OCP) for the control TiO2 film was observed at -
1.03 V, which was found shift to more negative values for the TiO2/ZnCdSe(n) films, 
demonstrating a shift in Fermi level to more negative potential as a result of coupling between 
TiO2 and ZnCdSe QDs in the composite system.  
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Figure 5. i-V characteristics of pure nanocrystalline TiO2 film, and films sensitized with (a) 
TiO2/ZnCdSe(3), (b) TiO2/ZnCdSe(5), and (c) TiO2/ZnCdSe(7) annealed at 400oC measured 
under 100 mW/cm2.  
 
The i-V characteristics measured from the ZnCdSe QDs-sensitized WO3 photoanodes 
are presented in Figure 6. For the unsensitized WO3 thin film electrode, the photocurrent 
generated was 0.07 mA/cm2 (at 0 V Vs SCE). For the ZnCdSe-sensitized WO3 electrodes, the 
photocurrent generated for the film with 6 cycles of deposition showed lower photocurrent 
density, which is in agreement with the optical absorption results shown in Figure 2. However, 
for deposition with more than 6 cycles (with 9, 12 and 15 cycles of deposition), the 
photocurrent generated was increased to 0.15, 0.24 and 0.20 mA/cm2 (at 0 V Vs Ag/AgCl), 
respectively. The optimal number of deposition cycles in this study was found to be 12, which 
resulted in about 2.5 times increase in the photocurrent response compared to control WO3 film. 
The decreased current efficiency of the electrode with 15 cycles of deposition might be the 
agglomeration and growth of ZnCdSe QDs as discussed earlier. The photocurrent obtained in 
this study is much higher than the doped and sensitized WO3 systems investigated earlier (44-
49). 
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Figure 6. i-V characteristics of pure nanocrystalline WO3 film, and the films sensitized with (a) 
WO3/ZnCdSe(6), (b) WO3/ZnCdSe(9), (c) WO3/ZnCdSe(12) and (d) WO3/ZnCdSe(15) 





A comparison of results from sensitization of two oxide semiconductors sensitized (with 
ZnCdSe quantum dots) and annealed at similar conditions are presented in this study. While, 
the photocurrent density obtained with sensitized WO3 (0.24 mA/cm2) is higher than the 
studies reported earlier for WO3 systems, it is still much lower than that obtained with TiO2 
NTs (12.38 mA/cm2). The markedly enhanced photoactivity may be considered as a direct 
consequence of highly ordered nanotubular TiO2 structure which provides a large surface area 
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a b s t r a c t
Due to its wide gap, WO3 mostly absorbs only the ultraviolet radiation, resulting into lower charge
collection and thus necessitating the coupling (doping or sensitization) of WO3 with low band gap
materials so as to achieve the photoexcitation and charge separation. This study reports the sensitization
of WO3 films with ternary quantum dots (ZnCdSe) using SILAR technique for the first time. The porous
WO3 layer was spray deposited using ammonium metatungstate as precursor. The structural, surface
morphological and optical properties of the sensitized WO3 thin films were studied. Photoelec-
trochemical (PEC) studies of the sensitized films showed superior performance to that of unmodified
WO3 films. Photocurrent density of 8.53 mA/cm2 (at 0 V vs Ag/AgCl) was observed for film sensitized
with 9 cycles of SILAR deposition annealed at 400 °C under nitrogen atmosphere, which is a 120-fold and
14-fold increase in photocurrent density when compared to unsensitized WO3 film and WO3/TiO2 film,
respectively. Sensitization with ternary quantum dots as ZnCdSe thus offers two advantages: (i) the lower
band gap of ZnCdSe allows it to absorb more energy and in turn produce more charge carriers and (ii) the
conduction band of ZnCdSe, which lies above the conduction band of TiO2, results in a better charge
transfer from sensitizer to the substrate material.
& 2015 Elsevier B.V. All rights reserved.
1. Introduction
Tungsten oxide (WO3), an indirect band gap semiconductor, has
been extensively investigated as a photoelectrode due to its che-
mical stability and non-toxicity. With a bandgap of 2.6–3.0 eV,
WO3 has potential to be used in electrochromic devices [1–3],
solar cells [4,5], photocatalysis [6], fuel cells [7], batteries [8], and
gas/chemical sensors [9]. However, its activity has so far been
restricted by the relatively short hole diffusion length !150 nm
and low carrier mobility [10,11].
As suggested by Scaife [12], metal oxides with partly filled
d-orbitals, having a valence band (VB) composed of O2p and the
VB top potential located at about þ3 eV or higher (vs NHE), are
expected to form photogenerated holes with strong oxidative
power. TiO2 and WO3 are two such candidates with VB top
potentials at 3.04 V and 3.1–3.2 V (vs NHE at pH 0), respectively.
Although WO3 has lower photoconversion efficiency than the
widely used TiO2, this material intrigued us due to its shorter band
gap, better light absorption in the near UV and visible regions, the
ease of preparation of high purity material and its long-term sta-
bility during irradiation.
However, the bandgap of WO3 is still large to realize a sufficient
absorption of the solar spectrum, which imposes a fundamental
limitation on overall photo-to hydrogen efficiency. This limitation
may be addressed by doping and sensitization, two possible ways
by which the electronic structure and PEC properties of semi-
conducting oxides can be tailored. There have been reports in
literature on the use of various dopants to enhance the PEC
activity of WO3 [13–16]. However, there are very few reports on
the sensitization of WO3. In 2014, Liu et al. [17] have a investigated
CdS-sensitized WO3 system with TiO2 buffer layer and found
an enhancement in photocurrent density which reached
0.92 mA cm#2 for CdS sensitized films. The same group has
recently reported the sensitization of WO3 with ZnxBi2S3þx which
led to a photocurrent density of 7 mA cm#2 [18]. The photocurrent
density obtained for various doped and sensitized WO3 systems is
tabulated in Table 1.
To the best of our knowledge, there have been no reports on
sensitization of WO3 with ZnCdSe quantum dots. In the present
study, synthesis of a visible light-sensitive heterostructure by
sensitization of WO3 with ternary ZnCdSe quantum dots (QDs) has
been reported for the first time. The WO3 films were sensitized
with ZnCdSe QDs using SILAR (Successive Ionic Adsorption and
Reaction) technique. The SILAR technique presents a simple and
inexpensive method of sensitization that does not require harsh
pressure or temperature conditions and is time efficient.
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/solmat
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Furthermore, the effect of number of SILAR cycles on the PEC
properties of sensitized films has not been previously reported for
the WO3 based system.
2. Experimental
Neat WO3 thin films were synthesized by spray deposition onto
SnO2:F coated glass. The precursor solution (10 mM Ammonium
metatungstate) was sprayed onto pre-heated, ultrasonically
cleaned rectangular glass slides through a carrier gas. Films were
maintained at a distance of 25 cm from the nozzle. The films were
sprayed (at a pressure of 5 psi) for 5 s and dried for 55 s to ensure
complete evaporation of solvent and pyrolysis of sprayed material
on the film. The substrate temperature was maintained at 250 °C
throughout the entire process. At this temperature, ammonium
metatungstate was pyrolytically decomposed into tungsten oxide





The deposited films were observed to be uniform and well
adherent to the substrate. These films were annealed at 550 °C for
2 h under oxygen atmosphere. After annealing, films acquired
characteristic yellow color of stoichiometric WO3. The films were
sprayed for various number of WO3 cycles; however, the films
with 150 spray cycles were found to be optimum. Therefore, the
WO3(150) films were used further for sensitization.
WO3 films were coated with TiO2 buffer layer prior to ZnCdSe
sensitization. This step is expected to result in better charge
separation and reduced charge recombination in the hybrid sys-
tem, as the conduction band (CB) edge of TiO2 lies above than that
of WO3 [17,20]. The procedure involved immersion of annealed
WO3 films into 40 mM aqueous TiCl4 solution in a closed vessel at
70 °C for 2 h. Then, the films were rinsed thoroughly with ethanol
and then annealed in air at 450 °C for 2 h [17].
ZnCdSe nanocrystals were deposited onto TiO2 coatedWO3 thin
film using the SILAR technique. Sensitization with ZnCdSe quan-
tum dots offers two-fold advantage, the lower band gap of ZnCdSe
allows it to absorb more energy and the higher energy conduction
band edge of ZnCdSe (compared to TiO2) results in a better charge
transfer from sensitizer to the substrate. The solvent used for
precursor solution was 50/50 vol% ethanol/H2O and deposition
time was 1 min. The deposition was carried out under ambient
temperature and pressure conditions. The samples were prepared
with 6, 9, 12 and 15 cycles of deposition, where one SILAR cycle
comprised of immersion of annealed WO3 film in 0.02 M Zn(NO3)2
solution for one minute, followed by rinsing in ethanol/H2O sol-
vent and subsequent immersion in 0.02 M Cd(CH3CO2)2 solution,
and finally in a Na2Se solution (generated in-situ by the reduction
of Se metal with 0.04 M NaBH4). The films were then annealed at
400 °C under N2 atmosphere for 1 h. The prepared films were then
used as working electrodes for the PEC measurements.
3. Characterization
UV–visible absorption spectra of prepared photoelectrodes
were obtained with a Shimadzu UV-2401PC UV–vis diffuse
reflectance spectrophotometer and BaSO4 was used as the reflec-
tance standard. X-ray diffraction patterns of the electrodes were
recorded using a Rigaku Smartlab 3 kW X-ray diffractometer using
Cu Kα wavelength (λ¼1.541 Å; 40 kV, and 44 mA). The measure-
ments were recorded in the 2θ range from 20° to 60° in Parallel
Beam (PB) mode, with a scan speed of 1°/min and step width of
0.06°. Surface of the films was analyzed using a PHI 5600 model X-
ray photoelectron spectrometer (XPS) with a monochromatic AlKα
(1486.6 eV) excitation source. The spectrometer was calibrated to
the Ag 3d5/2 line at 368.2770.05 eV. The XPS spectra were
recorded at 14 kV and 300 W, with an analysis area of 800 μm2.
The survey spectra were acquired at pass energy of 29.35 eV and
narrow scans at 23.95 eV. Charging effects were corrected using
the adventitious C 1 s line at 284.6 eV. The peaks were fitted using
SDP v4.6 Gaussian fitting software from XPS International. The
photoelectrochemical (PEC) responses of the samples were mea-
sured in a conventional three-electrode system with ZnCdSe-
sensitized WO3 films (surface area of 1 cm2) as the working elec-
trodes, coiled platinum wire as counterelectrode, Ag/AgCl as
reference electrode and an aqueous solution containing 0.35 M
Na2SO3 and 0.25 M Na2S as electrolyte. The measurements were
conducted under ambient conditions in a custom-made quartz
window cell with a Gamrys Reference 600 potentiostat. A 300 W
Xe lamp solar simulator supplied by Newport served as incident
light source. The visible light intensity through standard AM 1.5G
filter was tuned to 100 mW/cm2 measured using a Newport
Thermopile Sensor 919P-003-10.
4. Results and discussions
Light absorption properties of the ZnCdSe QDs-sensitized WO3
electrodes, as determined using a UV–vis spectrometer, are
depicted in Fig. 1. The effect of number of SILAR layers on the
performance of the QD-modified electrodes was investigated, and
the optimal thickness for the ZnCdSe-sensitized WO3 electrodes
was found to be 9 layers. The spectra for WO3/TiO2 film show an
absorption edge at 550 nm with main absorption peak around
370 nm, indicating light absorption significantly in UV region.
With ZnCdSe sensitization, the absorption spectrum extended to
longer wavelengths ($750 nm), exhibiting strong light absorption
in almost the entire visible region. This suggests complementary
Table 1
Peak-fitting parameters for core-level scans of W 4f, Zn 2p, Cd 3d and Se 3d.
Peak Species BE (eV) FWHM
W 4f W4f7/2 35.6 1.2
W4f5/2 37.7 1.2
Zn 2p Zn2p3/2 1021.5 1.8
Zn2p1/2 1044.6 2.1
Cd 3d Cd3d3/2 411.7 1.2
Cd3d5/2 405.0 1.2
Se 3d Se (-II) main contribution 53.8 1.1
Se (-II) second contribution 54.6 1.5
Fig. 1. Absorption spectra for unsensitized WO3/TiO2 film and ZnCdSe-sensitized
WO3 films; WO3/TiO2/ZnCdSe(n) films, where n depicts the number of SILAR cycles.
The films were annealed at 400 °C under N2 atmosphere for 1 h.
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enhancement effects in the light absorption characteristics of WO3
film with QDs sensitization. The incorporated amount of sensitizer
material on the substrate film, and hence the optical absorption
generally increase with increasing SILAR cycles. However, the
reduction in absorption for films with higher number of deposi-
tion cycles can be attributed to aggregation of nanocrystals as
reported earlier [21,22]. It should be noted that after 9 cycles of
deposition, the absorption spectra (for 12 and 15 cycles) show
formation of an additional absorption band at longer wavelength.
Such a band at higher wavelength is due to the sensitizer particles,
indicating the formation of larger particles (or aggregates) on the
surface of the film with 12 and 15 cycles of deposition. In parti-
cular, film with 12 cycles of deposition forms largest aggregates of
particles compared to other cycles, where the increase in particle
size has been demonstrated by red-shift of the absorption onset.
Similar results have been reported earlier by Peter et al. [23,24]
and Stephanie et al. [25]. The increase in particle size for 12 cycle
film can be correlated to the lowest photocurrent produced by the
film (as shown in Fig. 4).
The XRD patterns obtained from WO3 thin films before and
after sensitization are shown in Fig. 2. The XRD pattern of spray
deposited WO3/TiO2 thin film (shown in curve a) exhibited strong
diffraction peaks corresponding to that of monoclinic γ-WO3
phase (JCPDS Card no. 43-1035, marked as *) [26]. The absence of
peaks due to TiO2 may be due to the fact that the TiO2 layer is
much thinner than the WO3 layer and is unlikely to be detected by
the XRD. The XRD spectrum of sensitized WO3/TiO2/ZnCdSe elec-
trode (shown in curve b) showed the presence of additional peaks
corresponding to CdSe phase (JCPDS Card no. 19-0191, marked
as #). It is important to note that while there were no peaks
observed corresponding to Zn, a significant shift in 2θ values of
CdSe peaks (towards higher 2θ) was observed. Such shift signifies
the presence of dopants in CdSe phase. More specifically, the shift
towards higher 2θ indicates the presence of smaller atoms as
dopants. Hence, this observation confirms the presence of Zn
within the CdSe phase. The XRD peaks corresponding to the CdSe
phase are broad, suggesting the small crystallite size of the
deposited material.
The elemental analysis of composite film showed the presence
of all three elements – Zn, Cd and Se on the surface of WO3. Fig. 3
Fig. 2. Stacked X-ray diffraction patterns of (a) unsensitized WO3/TiO2 thin film
and (b) WO3/TiO2/ZnCdSe sample annealed at 400 °C. The patterns reveal the
presence of CdSe phase on the surface of sensitized film.
Fig. 3. X-ray photoelectron spectra for WO3/TiO2/ZnCdSe composite film showing (a) W 4f peak, (b) Zn 2p peak, (c) Cd 3d peak and, (b) Se 3d peak.
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shows the core-level XPS scans of W 4f, Zn 2p, Cd 3d and Se 3d
regions of sensitized WO3/TiO2/ZnCdSe film and the peak-fitting
parameters are summarized in Table 1. W 4f has a spin–orbit
doublet (4f7/2 and 4f5/2) with intensity ratio 4:3 and difference in
binding energy of 2.1 eV. The two peaks appearing at binding
energies 35.6 and 37.7 eV correspond well with the reported
values [27]. The Zn 2p spectrum of the doublet peaks with the
binding energies of 1021.5 eV and 1044.6 eV are shown in Fig. 3(b),
corresponding to Zn2p3/2 and Zn2p1/2, respectively. These binding
energies and the difference of 23.1 eV between two binding
energies are associated with the Zn2þ [28]. The 3d3/2 and 3d5/2
spin–orbit splitting of the Cd 3d level occurs at binding energy
values of 411.7 and 405.0 eV, respectively, while the Se 3d5/2
spin–orbit coupled doublet appeared at binding energy values of
53.8 (main contribution) and 54.6 eV (second contribution),
respectively. The binding energy values obtained for Cd and Se are
in good agreement with the literature values [29,30].
To quantitatively address the photoactivity of ZnCdSe QDs-
sensitized WO3 photoanodes, photocurrent density (Jsc) versus
potential curves recorded under light illumination (1 sun or
100 mW cm"2) are depicted in Fig. 4. The increase in photocurrent
density with applied anodic potential represents the n-type
character of the films. The unsensitized WO3/TiO2 film showed a
low photocurrent density of 0.55 mA/cm2 under visible light
irradiation. To demonstrate the significance of TiO2 layer coated on
the surface of WO3 before sensitization, the photocurrent density
obtained from the film without TiO2 coating has also been shown
in Fig. 4. As observed, the film showed a photocurrent density of
only 0.07 mA/cm2. The enhancement in photocurrent density with
TiO2 coating can be attributed to the better charge transfer process
occurring in the composite film. As the conduction band (CB) edge
of TiO2 ("0.1 V vs NHE) lies above that of WO3 (þ0.4 vs NHE), the
electron transport in the hybrid structure occurs in a cascade form.
When the electron–hole pairs are generated in ZnCdSe, electrons
can be first transferred more easily to the CB of TiO2 and then to
the CB of WO3 rather than directly to WO3. This process results in
better charge separation and reduced charge recombination in the
hybrid system. A Similar effect has been reported earlier [17,20].
Therefore, the sensitization was carried out on WO3 films
coated with TiO2 layer. Sensitization of unmodified WO3 films with
ZnCdSe quantum dots resulted in abrupt increase in the photo-
current density. The average photocurrent densities were mea-
sured to be 5.18, 8.53, 3.07 and 3.88 mA/cm2 (at 0 V vs Ag/AgCl) for
WO3/TiO2 films sensitized with ZnCdSe for 6, 9, 12 and 15 cycles.
As expected, the number of SILAR cycles strongly affects the
photoelectrochemical response of the resulting photoanodes,
which display marked variations within the series. The initial rise
in photocurrent density with increase in number of SILAR cycles
(upto 9 cycles) can be seen as a direct consequence of increased
loading of sensitizer material. With more sensitizer loading, the
light absorption characteristics and thus, the photoconversion
efficiency are augmented. However, further increase in SILAR
cycles (12 and 15 cycles) results in overloading of QDs, which can
prove disadvantageous for the PEC performance of photoanodes,
ascribed to the blocking of mesopores of underlying substrate
[31,32]. Another reason is that the thicker layers do not contribute
Fig. 4. Photocurrent density vs potential characteristics of unsensitized WO3 films
(with and without TiO2 layer) and ZnCdSe-sensitized WO3 films; WO3/TiO2/ZnCdSe
(n) films, where n depicts the number of SILAR cycles measured under 100 mW/
cm2 intensity (AM 1.5 global filter). The films were annealed at 400 °C under N2
atmosphere for 1 h.
Table 2
Parameters obtained from photocurrent vs potential curves corresponding to
unsensitized WO3/TiO2 and sensitized WO3/TiO2/ZnCdSe(9) films.
Photoanode Isc (mA/cm2) Voc (mV) FF η (%)
WO3/TiO2 0.55 "0.48 0.23 0.16
WO3/TiO2/ZnCdSe(9) 8.53 "0.54 0.33 1.72
Table 3
Photocurrent density of various doped and sensitized WO3 systems.
Material Photocurrent density (mA/cm2) Illumination intensity (mW/cm2) Author Reference
WO3 0.6 100 Hong et al. [36]
(at 1.2 V vs NHE)
Zn-doped WO3 116 x 10"3 3 Cheng et al. [13]
(at 0.8 V vs SCE)
Ga-doped WO3 131 x 10"3 100 Ng et al. [14]
(at 0.7 V vs SCE)
Fe-doped WO3 0.88 100 Zhang et al. [15]
(at 1.23 V vs RHE)
Al-doped WO3 1.14 100 Li et al. [16]
(at 1.2 V vs Ag/AgCl)
WO3–BiVO4 composite 2.78 100 Hong et al. [37]
(at 1.2 V vs Ag/AgCl)
CdS/TiO2/WO3 composite 1.6 180 Kim et al. [20]
(at 0 V vs Ag/AgCl)
ZnWO4/WO3 composite 0.75 100 Leonard et al. [38]
(at þ0.7 V vs Ag/AgCl)
CdS-sensitized WO3 0.92 100 Liu et al. [17]
(at "0.1 V vs Ag/AgCl)
ZnxBi2S3þx"sensitizedWO3 7 100 Liu et al. [18]
(at "0.1 V vs Ag/AgCl)
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much towards the charge transfer process from the sensitizer to
substrate, as they are not in direct contact with the substrate [33].
Therefore, the optimum current density was obtained for film
sensitized with 9 cycles annealed at 400 °C, which is !120-fold
and !14-fold higher than that of unsensitized WO3 film and WO3/
TiO2 film, respectively.
To further demonstrate the effect of sensitization on PEC per-
formance of photoanodes, the fill factor (FF), and conversion effi-
ciency (η) corresponding to unsensitized WO3/TiO2 and sensitized
WO3/TiO2/ZnCdSe(9) films have been calculated and listed in
Table 2 alongwith open circuit potential (Voc), short circuit current
(Isc) values. The conversion efficiency obtained in this study is
higher than the values reported earlier for WO3 system [34,35].
The current density obtained in the present study is highest
compared to the doped and sensitized WO3 systems investigated
earlier [13–18,20,36–38] (see Table 3). It is also worthy to note that
the open-circuit potential (OCP) for the WO3/TiO2 is observed at
"0.48 V. However, the photocurrent onsets shift to more negative
values for the WO3/TiO2/ZnCdSe(n) films. These results indicate
that better charge separation and electron accumulation occur in
the sensitized films. The experiments were performed in dupli-
cates. While the films followed the same trend (9 cycles deposition
film produced highest photocurrent compared to others), the
photocurrent values differed by 710% which is typical case for
SILAR based composite films.
5. Conclusions
In summary, the design of WO3/TiO2/ZnCdSe heterostructure
for PEC water splitting has been reported for the first time. The
incorporation of ZnCdSe QDs with WO3 extends the absorption
spectrum of the composite film significantly into visible region up
to 750 nm. The variation in number of SILAR cycles found to have a
considerable effect on the photoelectrochemical response of the
resulting photoanodes. With 9 cycles of deposition (WO3/TiO2/
ZnCdSe(9) film), optimum thickness was obtained, and a photo-
current density as high as 8.53 mA/cm2 (at 0 V vs Ag/AgCl) was
achieved. Such high current efficiency (almost 120 times higher
than that of unsensitized WO3 film) indicates the potential of
ZnCdSe-sensitized WO3 film as promising candidate for PEC
applications.
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